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delivery is normally via a precision mechanical mirror arrangement covered in beam tube to protect the user. Fibre lasers are typically based around Yb:YAG with output wavelengths between 1060 nm and 1070 nm, commercial CW fibre lasers are now routinely in excess of 10 kW. The wavelength and fibre delivery of these lasers is ideal for industrial applications and fibre lasers also service a variety of wavelengths by external non-linear crystals, typically 532 nm or 355 nm in a similar manner to the solid state lasers. The amplification of the laser beam in the fibre medium also enables high powers combined with very low M2 making them highly suitable for precision cutting.  Pulsed fibre lasers do exist commercially but they are limited in their output pulse energies due to the high energy densities of the fibre and, in particular, the damage to the ends of the fibres when pulsed strongly, most commercial fibre lasers are less than 50 mJ  per pulse.  Pulsing of these lasers is commonly attained using a pulsed semiconductor seed laser, amplified by a powerful fibre based amplifier section; this technique can also lead a distorted pulse shape when compared to solid state lasers.   Solid state lasers are commonly based upon Nd:YAG lasers that emit at  1064 nm, and form the main products of Powerlase Photonics.  These lasers can be designed to achieve a combination of high peak and average power. They can also be frequency doubled via a second harmonic generation crystal to a wavelength of 532 nm and also tripled to wavelength a UV wavelength of 355 nm.  Generation of pulses in these lasers is commonly achieved by Q-switching the cavity via means of modulating the intra-cavity losses, typically using an Acousto-Optic modulator (AOM). The AOM when energised with high frequency acoustics will diffract the beam away from the feedback path and hence stop the laser from lasing. This cause a considerable storage of optical power within the gain Nd:YAG gain medium analogous to electrically charging a capacitor. When the electrical power to the AOM is turned off the laser feedback condition returns and the laser produces a laser pulse which can easily be several MW. By periodically modulating the AOM a stable pulse condition can be reached simultaneously enabling large peak powers, typically MW and average power of many kW. The pulse shape is almost Gaussian in temporal appearance much cleaner than pulse shapes achieved with fibre lasers. The free space design of these lasers enables large mode volumes and hence internal fluence of the laser system can be managed to avoid damage of the internal components. These features of the solid state lasers make 
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them ideal for application where combinations of high peak and average power are required, such as larger area processing like green laser annealing and manufacturing where the higher average powers translate into optimised production line speeds.    A key weakness of the solid state lasers however is they are more expensive than the fibre lasers, which, as per the market research, are rapidly encroaching on this market space as the fibre laser technology develops. This thesis concerns applications based upon free space Nd:YAG solid state lasers within a niche market sector where large peak and average powers are needed simultaneously. The laser emission is typically in the Infrared (IR) region of the electromagnetic spectrum, most typically with an output wavelength of 1064 nm or a frequency doubled or tripled beam via a non-linear crystal at 532 nm and 355 nm respectively. Given the increased competition that the solid state lasers face [3], and the pressure from rival laser technologies [4-6], such as ever higher power pulsed fibre lasers, there is a need to develop the solid state laser technology as a system level offering. This approach is to deliver more functionality to the system and solving installation challenges as part of the customer package, thus delivering a complete turnkey system. Delivering the system into viable production processing as a whole unit and maintaining comprehensive service availability is seen as crucial to maintaining business. The main topic of this thesis is a response to a customer request that requires not only the laser technology but a new approach that solves mechanical and optical delivery to the customer’s substrates within tight spatial constraints of their existing machinery. The technical requirement is to deliver infrared laser radiation to the surface of the substrate with a rectangular homogenised profile with as large a depth of focus as possible. Actuation of the beam is required to eliminate mechanical loading errors of the substrates and lateral motion of the substrates during production. Modifications to the machine are permitted, but only to allow physical attachment of the beam delivery system and no parts can be removed that would otherwise reduce the functionality of the original system. No major physical modifications are permitted and the tight spatial envelope is non-negotiable. The transmission of the radiation to the substrate has also to be as efficient as possible.  
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The context of this system is a Q switched pulsed laser and beam delivery system that removes several layers of the target material to a defined thickness. The purpose of the process is to remove a thickness of surface layer from the material to clean the metal substrate before it continues to another following process. The Fluence required to initiate the removal the material is in excess of 10 J/cm2 and the substrate is in motion at a constant velocity beneath the processing heads less than 250 mm/s, the depth of focus must accommodate all substrate thickness variants up to 3 mm step heights. The machine space constraints of the system are the main driver for adopting a novel approach to the beam delivery, as the permitted size for the processing heads is analogous to a tube of square cross section approximately 100 mm × 160 mm × 500 mm wide. As described in later chapters the combination of size, beam shaping and actuation was, at the time of writing, not commercially available and required a new approach. Figure 1 shows the system diagram of the whole complete system. 
 Figure 1 – Final system diagram.   
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The system is split into its constituent sub-systems and a literature review undertaken to understand the state of the art technologies from both academic and commercial literature. The sub-system functions required are: a high power pulsed laser, laser beam shaping and homogenisation of the laser beam, vision tracking and targeting of a feature on a substrate and synchronised actuation of the beam onto the substrate via beam processing delivery head. The following sections detail the background research on each of the sub systems. 1.1.1 Beam shaping  The laser product offering from Powerlase is a high power IR laser with 16 < M2 < 30 with average powers up to 2 kW and peak powers up to 3 MW. The laser cavity is Q-switched between 10 - 20 kHz achieving peak energies of up to 160 mJ, the average power output of the laser and hence the delivered pulse energy is controlled via an internal attenuator which taps light away from the main beam. The oscillator is kept at a constant internal power to operate where the laser has the most stable operation correlating to the optimal thermal lens in the Nd:YAG gain medium. Any beam shaping technology considered needs to take into account the large spatial mode content and the damage thresholds associated with these laser beams. Beam shaping and homogenisation for these lasers are not generally commercially available in the form required. Techniques found in academic literature involved refractive beam shaping using cylinder form lenses or freeform optical surfaces to shape the beam [7-11]. Often these techniques are appropriate for round top hat profiles but required loss if power rectangular profile was created by truncating the beam. Diffractive beam shaping was researched from fundamental literature [12] and also application data [13-15], where computer generated holograms, often referred to as kinoforms, are used. The diffractive techniques typically generate profiles that are not homogenous, due to laser speckle and also tended to have large (> 15%) scattering losses associated with them. However they remain a source of interest due to the flexibility of the shape of the irradiance pattern, also little in the literature applies holographic imaging to lasers with larger M2 values. A beam homogenisation technique for high power lasers using a fibre as the homogenising medium with varying cores was reviewed [16], this paper details delivery of a highly homogenised beam of high power multimode lasers similar to those provided by Powerlase. These fibres emitted the homogenised beam with a relatively small exit numerical aperture (NA). This small NA is congruent with the need to design the beam delivery optics within a small volume to deliver the laser emission from the fibre exit to 
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the target substrate. This fibre based approach coupled with the refractive beam shaping is believed the most likely to yield the simplest solution with the highest transmission, homogeneity and resistance to laser damage. 1.1.2 Vision and tracking systems  There is a large amount of vision tracking information available for laser delivery for continuous wave welding lasers and also a large selection of research activity based upon vision analysis of the seam position. An approach detailed in [17] locates the seam between the substrates by image processing of the associated weld pool and uses a coding technique to stabilise the tracked weld seam position by using digitally buffered weld position data or rolling algorithms [18-19]. A very important and frequently cited algorithm for achieving this was the Kalman algorithm [20], or Kalman filter, which removes noise from the signal and predicts the future position of a data point from previously recorded data. This approach forms the basis of much of the tracking techniques reviewed. The acquisition of the position of the seam was predominantly performed via an optical technique, either a triangulation sensor approach or via a suitably illuminated and imaged of the area of the seam [21-22]. One approach coupled weld pool optical imagery with magnetic imagery of the seam [23]. Commercially there are many products aimed at this seam tracking market complete with their own proprietary algorithms and acquisition techniques and therefore there is little value for the development of a wholly new system for this development project, hence a selection of commercial systems were reviewed that would perform the task of tracking the target with a simple output. 1.1.3 Actuated beam delivery systems  There are several actuated beam delivery systems that are commercially available for high power CW weld lasers their processing heads. At the time of development they provided no beam shaping functionality as they are based upon diffraction limited imaging of the laser beam in order to maximise the fluence at the weld surface. Actuation is very common for these laser systems and a variety of commercially available actuated processing heads are shown in the following figures, with a short description of each.  
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Figure 2 shows a processing head from the manufacturer highyag that delivers a laser beam to a focus at the substrate where the actuation by physical rotation of the optical train by a stepper motor in the region indicated.  The visual seam tracking signal fed to the actuator can be performed by mounting a camera at either an offset location or co-linear with the delivered laser beam via an imaging camera with a dichroic mirror. 
 Figure 2 – A seam tracking system offered by highyag which uses a rotating joint to actuate the beam [24].           
100 mm 
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A key performance parameter required by the customer is that the whole seam tracking systems need to fit within a narrow space envelope 100 mm wide. The physical size of the highyag system is shown in an extract from their website in Figure 3, the 198.5 mm dimension highlighted would not fit within the customer’s space constraints and this form of lateral movement would have been a collision risk to the processing head and the shuttle that moved the substrates, the shuttle weighed several tonnes and in the case of the a collision would likely fatally shear the processing head.  
 Figure 3 – Highyag processing head and seam tracker system showing dimensions [24].  Another approach to the actuation of the processing heads is shown in Figure 4 in a system provided by Precitec. This system also does not offer beam shaping. Actuation of the beam is provided by a galvanometer embedded in the optical path from the fibre to the substrate. This approach does not require the physical movement of the head, which is an advantage but, this approach also requires a twin 90º mirror arrangement to deflect the beam, which increases the physical size of the unit. 
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 Figure 4 – A commercial screenshot of a seam tracker system offered by Precitec utilising a galvanometer [25].  A major disadvantage of the 90º beam deflection is that the customer requires a relatively large physical standoff distance from the process to the final focussing lens to avoid debris form the process. For a given numerical aperture, the standoff distance that is required always leads to a large separation being required between the turning mirrors, as shown in Figure 5 below. A typical NA for the proposed laser system would be 0.1 and a typical standoff distance of 200 mm yields approximately a 40 mm beam waist at the mirrors, the mirror pair would therefore consume a width of 80 mm minimum before the size of the optical mounts were even considered.  
 Figure 5 – Graphic showing that a large standoff distance form the process to the first optics results in a larger beam waist at the 90° turning mirrors.  
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Because of the mirrors size they also have a relatively large inertial mass, which requires a powerful galvanometer to actuate mirror for a given actuation speed, this issue also extended to gimbal based actuation [26]. The galvanometer motors for the required speeds are large enough to cause further difficulty when fitting to available space envelope available for the processing heads. Galvanometer beam deflection systems are readily commercially available and do provide the optical performance required [27] but despite some attempts at compact galvanometer approaches to beam deflection [28], this approach was not considered viable for this application, as it is unlikely they can be made to fit the volume. A brief comparison of power consumption between the Risely prism and a galvanometer shows them to be comparable at start up but the Risley is more efficient during operation. An Optra RP25S Risely prism consumes 200W upon start up and then reduces to less than 24W during production. A comparable Scanlab galvanometer consumes 180W continuously. Moving the entire processing head via physical actuators is also a common approach and observed often during commercial studies. This is either implemented by directly driving the processing head position using a linear stage or by driving the processing head position on an arc. Issues with this direct driving of the processing head in this manner surround the inertial mass of the processing head. The processing heads typically have masses in excess of 5kg and hence require powerful motors to actuate them with any speed. This approach is found to be used when the substrate moved slowly, but when the lateral movement is rapid it invites control and oscillation issues for fast moving variations. Again given the space constraints (100 mm × 160 mm × 500 mm) this approach was not considered viable. An approach worthy of note and particularly relevant to this industrial field is the mounting of the processing beam delivery heads directly onto specialist robot arms [21]. These robots are both very quick and very powerful but also occupy a large volume. The seam tracking systems, hardware and software are found to be often written specifically for this scenario. The seam tracker vision system presented in this report is specifically designed for this configuration and maintains its seam tracking by minimising the deviation of the vision feedback of the seam from the physical centre of the camera, this deviation signal is then sent to the robot arm actuators. This approach of minimising the deviation from the seam to the camera centre is not practical for the application targeted by this thesis, as the camera is in a stationary fixed position and not 
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attached to a freely moving robot arm. This causes challenges with the implementation of the system as the main output controls of the laser path finder system as described later in chapter 4 are based upon the camera’s free movement.  A review of academic texts yields some more unconventional approaches to beam manipulation, [29] and [30] detail a number of techniques for beam steering for various applications. Approaches based upon Mechanical Optical Electric Machines (MOEMs) [31], these have the potential to give compact beam steering but are unlikely to survive the power requirements of the laser, likewise for grating structures [32] or phased arrays [33-34]. Acousto-optic deflection was also studied [35], the technology is commonly used in pulsed lasers and is robust to the laser damage but the technique involves diffraction of the laser beam to deflect the beam and although larger diffraction angle are possible, a significant proportion, up to 50%, of the light is lost into other diffracted orders [36]. Losses of this magnitude are not acceptable as transmission of > 90% were desired and also the power scattered into the other orders would need to be managed in order not to cause damage the processing head optic. A technology frequently used to deliver laser beams onto a target with a high degree of accuracy is the Risley prism [37-44]. A Risley prism is a pair of wedge prisms that can be rotationally oriented to alter the pointing direction of a collimated laser beam or other optical path. A basic schematic of the principle is given in Figure 6 below. 
 Figure 6 – General principle of a Risley Prism.   
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This technology is capable of steering a laser beam to a very high degree of precision [41], accuracy and speed [42]. The angular range of motion is tuneable by choosing different wedge angles for the prisms. Control of the Risley prism, in particular the inverse solution of the targeting parameters is a considerable challenge in a two dimensional plane [43-44] as there are frequently multiple prism orientations that correspond to the same angular output or input angles. This is unlikely to cause an issue in the application requested by the customer as only a linear motion in one axis is required. The speed, accuracy and the compact in-line nature of the beam steering using Risley prisms is seen as an advantage of the technology. It also has the potential to be a modular technique that could be appended to different processing head designs. The commercial and academic searches and review reveal that there is no complete supplier of the laser and beam delivery system that is required by the customer and no complete optical delivery system that can perform the complete task of beam shaping, homogenisation and beam actuation in the spatial envelope permitted. An approach of utilising various commercial technologies and a novel approach to the beam actuation using Risley prisms is presented in this thesis that resolves this challenge. The author was responsible for the full delivery of this project including, specification, budget, customer interface, schedule, multi-disciplinary team management and technical performance. All optical and optical system designs in this thesis are solely designed by the author, system tests, field test and customer installation are also the sole responsibility of the author. Mechanical and electronic designs and implementations were developed with assistance from specialists within Powerlase Ltd and are credited where applicable in the text and acknowledgements. 1.2 Roadmap of the thesis  This thesis describes the full design of the system from the design of the laser that produces the laser radiation, through to the final delivery of the radiation to the substrate in the format required by the end user. The overall roadmap of the thesis is shown in Figure 7 and forms a narrative of the system approach used to design, manage risk, develop and successfully deploy the system into serial manufacture. Beyond this introductory chapter, the description of this process is given as follows; chapter 2 details modelling techniques that are applied to the solid state laser technology to predict and design the key laser beam parameters. Chapter 3 details the development of the fibre coupling homogenisation of the laser beam and beam shaping optics and the final beam 
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shaped delivery. Chapter 4 details the development of a vison tracking and actuated beam delivery system including optics, electronics, software algorithms, mechanics and system design used to track and process substrates. Chapter 5 concludes with summary findings and conclusions based upon the deployment of this technology and suggestions to further work that can be performed to continue to develop this technology.            Figure 7 – Thesis roadmap.   
Chapter 2 : High power laser system modelling   Consisting of:- Laser cavity design Laser beam modelling  Chapter 3 : Laser beam delivery for industrial processing   Consisting of:- Fibre coupling design Homogenisation research and design Beam Shaping and beam delivery design     Chapter 4 : An actuated laser beam delivery system  Consisting of:- Seam tracking system design Vision tracking system  Actuated beam delivery design Systems commissioning and test    Chapter 5 : Conclusions and summary  Consisting of:- Project review and summary  Project conclusions  Discussion of outcomes and further study  
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within a reasonable timeframe. The large number of spatial modes also causes issues with prediction of the beam irradiance profile. It is impractical to reconstruct the beam shape from the sum of its constituent individual Laguerre-Hermite spatial modes, as the precise power content of each mode cannot be exactly known or changes dynamically.  A technique that is fast, reliable and straightforward that adequately models both the cavity and the free space propagation of these M2 > 5 laser beams is the ABCD method [47][49]. It is neither field modelling nor ray tracing, but is an envelope solution to the paraxial optical field equation [50] the solution gives a contour of the beam, such as a 1/e2 slicing level, Full Width Half Maximum (FWHM) or a second moment [51] beam waist value without the need to express details of the mode content or irradiance profile. The model uses the TE00 mode profile as a guide beam and then scales the propagation as a beam that is M times the diameter and M times the divergence of this Gaussian beam [51] as confined within the laser cavity, this guide beam is referred to as the embedded Gaussian in [51]. Another key advantage of the ABCD techniques is that it is directly compatible with the mathematics of paraxial ray tracing matrices [52] this is useful where there is interest in the export and comparison of ray models from the ABCD data. A proprietary model was developed upon mathematical descriptions of the technique in references [50] and [52-54]. Although commercial products were available (ParaxiaTM and LASCADTM), it was decided to develop code in MatlabTM, as this permitted the customisation of the system and modelling code. The commercial code was found to be biased either towards free space or cavity modelling and for this project a combination of both was required. As an additional novelty, the model is also able to predict beams produced in laser cavities with multiple apertures spaced along the cavity. This is not found to be a common feature in commercial software. Along with the practical learning benefit of the coding the ABCD matrix, the model is used regularly to model both laser cavities and free space propagation of the Powerlase laser systems. The model components are also developed and standardised in order to re-use designs of gain sections and control laser configurations.  The ABCD model written is found to be of sufficient accuracy to model the position of the internal active optical components of a laser cavity, with some additional experimental adjustment.  The ABCD model is then found to be highly accurate in 
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modelling free space propagation of the multimode laser beams permitting the subsequent accurate design of the free space component positions and power. A brief mathematical overview of the techniques and its application are given in the following sections. 2.2 Brief mathematical overview of technique The ABCD matrix method is described by a solution to the paraxial wave Eqn. (1) as given after reference [50]   (1) An example solution of this equation can be given by reducing Eqn. (1) into just two dimensions, X and Z, ∂2u/∂Y2 =0, is given by Eqn. (2)   (2)  The solution of the complex beam parameter q in Eqn. (2) is given by a complex number, which contains information about the laser beams phase (or radius) and its width, w [50] and [52] and the relationship between these parameters is given by Eqn. (3).   (3)  In Eqn. (3), R is the phase front radius, λ is the wavelength of the laser beam, w is the beam waist of the ‘embedded Gaussian’ [51] and n is the refractive index that the laser beam is propagating in. The calculation of the q factor is possible at any position in Z and hence the beam radius and phase front radius can be determined for any propagation in Z. Calculation of the variation in q throughout a more complex optical system is performed by solving a matrix equation for qout as per Eqn. (4), where A,B, C and D are also complex numbers describing the response of the optical system the beam is 
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propagating through and qin is the complex input value of the beam in terms of its radius and beam waist.    =  + 

 +  (4) A feature of this modelling technique is that the values for A, B, C and D for any large system of optical components can be calculated by stacking matrices from each of the individual component matrices. This useful property means the beam size can be calculated for any position along Z in any optical system, by simply stopping at the matrix of interest, or the whole system can be solved in one calculation by multiplying out the whole stack of component matrices into one system matrix. This optical design methodology of stacking unitary matrices to solve a larger optical system is frequently employed in optics from paraxial ray matrices to optical coatings and distributed feedback laser designs [59]. Eqn. (5) shows the stacking of component matrices, an, bn cn dn, multiplied using the usual rules for matrices into one system solution A, B, C, D.    
  =    ⋯       (5) A few examples of matrices commonly used in the design of laser beams, cavities and optical trains are given in Table 1 and can be found in literature [50] and [52].      
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Matrix formula Purpose Eqn.   = 1 0 1  Propagation in Z to distance d  (6)   =  1 0− 1 1!  A lens on focal length f  (7)  " =  cos (()) sin(()) /.(−.(sin (()) cos (())   Gaussian duct / Gradient index lens  (8)   λ  Definition of γ in Eqn (8).  (9) Table 1 – Examples of ABCD matricies.  Eqn. (6) is the matrix for a spatial translation of length d along the optical axis, Eqn. (7) is the matrix for a lens of paraxial focal length f, and Eqn. (8) is the matrix for a Gaussian duct where; γ is given by Eqn. (9) where n2 is the quadratic focal strength of duct on the laser beam, λ is the wavelength and n is the bulk refractive index of the duct, typically n=1.803 for Nd:YAG at λ=1064 nm.  In the case of a laser cavity where the laser beam is oscillating between two mirrors then a value for q is sought by solving the ABCD matrix values that give a stationary phase radius and beam radius for a round trip of the cavity. Once the full cavity round trip is described by the matrix then the beam waists and phase radii that are supported by the cavity can be solved by the quadratic equation in Eqn. (10) after reference [52]. 
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2   − 1 (10) An important comment on Eqn. (10) is that there are two potential solutions for q and hence two eigenmodes that can be supported by the laser cavity. These are often expressed as being either side of a stability diagram; which is commonly used to depict these laser cavity designs and is shown in Figure 8. The area marked E1 in Figure 8 is the first stable eigenmode and E2 the second stable eigenmode.  
 Figure 8 – Stability diagram for a free space laser cavities, shaded regions indicate that there is no solution and no mode is possible. The two regions E1 and E2 are for supported eigenmodes from Eqn 10.  The g parameters in the axes of Figure 8 are given by Eqns. (11) (12). In the case where the internal focal length f = ∞, i.e. there is no thermal lens present, then the cavity can be described by the mirror radii R1 and R1 alone. The position marked 1 in Figure 8 shows where the cavity mirrors are planar, R1=R2=∞, this is known as the plane parallel condition. Position 2 shows the where the mirror radii are the same as the length of the cavity, known as the confocal condition and position 3 shows where the mirror radii are half the length of the cavity, known as the concentric condition.   
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 2 = 1 − 3 − 345 (11)   2 = 1 − 3 − 345 (12) In the case of a varying thermal lens, where f < ∞  the laser cavity is observed to traverse across the stability diagram with increasing pump power and the laser can be tuned to operate on either of the eigenmodes by changing the pump power, hence strength of the internal lens. The typical trajectory for a laser, which is initially close to plane-parallel, on this diagram is shown in Figure 9 from 0% of its operational power to 100% of its operational power.  
 Figure 9 – Stability diagram showing typical trajectory of a laser with an asymmetric cavity and gain region with thermal lens that increases with pump power.  The laser stability parameters, g1 and g2, start in a region close to the plane-parallel condition, as the thermal lens strength increases the focal length, f, decreases and the laser cavity traverses diagonally. If the laser is symmetric, then L1 = L2 and the trajectory on the stability diagram will pass through the origin, g1 = g2 = 0. If the laser cavity is not symmetric, then the stability parameters traverse through a region which does not support a lasing mode. This would lead to the laser ceasing to lase, unless 
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strong polarisation effects such as isogyres are present. If isogyres are present in the laser system then the cavity M2, irradiance profile, polarisation content and stability are strongly affected.                              
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2.3 Development of an ABCD modelling tool  The ABCD model is developed as a modular construction in Matlab as shown in Figure 10. The individual modules and system matrices are transportable and can be re-used easily by calling from a Matlab work area. 
 Figure 10 – System diagram showing the steps taken to model the laser cavities.  
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The main program sets up the initial conditions and arrays then calls the system matrix. The system matrix contains all the individual matrices that make up the laser cavity, free-space, and amplifier sections. The section of the matrix that describes the cavity is then sent to an eigenmode solver, which determines whether an eigenmode exists and solves the value for the complex q value on the first object in the cavity. This value of q then becomes the initial conditions for a second matrix call, which report the size of the embedded Gaussian beam along the length of the optical axis. The embedded Gaussian is then compared to the size of the apertures along the Z axis locations and scaled so the minimum M2 and 1/e2 contours are determined. An overlay of the 1/e2 irradiance contours are plotted and the value for M2 for the current is stored, the value for the current is then incremented and the process is repeated until the maximum current values giving 100% operational power is reached. The M2 vs current, or pump power, curve is generated by storing the results for each solution for a given current. The model as depicted in Figure 10 is also used for free space propagation or in the case of the laser cavity followed by an amplifier. This is achieved by omitting the eigenmode call, which then treats subsequent components as free space.  The Nd:YAG rods, as aforementioned, exhibit considerable thermal lensing and their optical response on the beam can be modelled as a Gaussian duct as given in Eqn.(8), where the thermal lensing is expressed in terms of the laser current delivered to the diode pump bars. A transform required to scale the operating current of the laser system to the quadratic refractive index, n2, is required to relate the strength of the thermal lens to the applied current. This is achieved by equating Eqn. (13) obtained from [50] and Eqn. (14) obtained from [53-54] and manipulating them to get the pump power in terms of the applied diode current.  4   (13)    (14)  
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Q is power density of pump light on the rod, dn/dT is the change in refractive index with temperature, r is the radial co-ordinate and K is the thermal conductivity. By linking the thermal lens parameter n2 between the two equations, a transform for Q is made to produce Eqn. (15) which links the thermal lens parameter n2 in the ABCD matrix to the applied current to the pump diodes. It is noted that Eqn. (14) is assumed to be quadratic with radial position r, which in general is not the case either where abberations are present due to the pumping regime or where r is close to the extremes of the rod diameter, but provides a good approximation of the paraxial thermal lens strength.    χ 6 7  (15) Where V is the diode laser bar voltage, I is the diode current, Ith is the diode threshold current, K is the thermal conductivity of the Nd:YAG, dn/dT is the change in refractive index with temperature, R is the radius of rod, L is the  length of rod, σd is the efficiency of diode lasers ε is the coupling efficiency of diode power to rod and χ is an additional parameter to correct when for the temperature reduction in the rod when the laser is lasing. In pulsed operation the laser is storing more pump power than in CW operation and more of this absorbed pump power decays non-radiatively, thus contributing to a stronger thermal lens in pulsed operation. It is experimentally determined by comparing the kink location in the operational pump power verses cavity output power curves between pulsed and CW operation in an asymmetric cavity as shown in Figure 11. The increase in the thermal lens, χ , for these lasers is typically varies from 1 to 1.2.  
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 Figure 11 – Cavity power vs operation pump power showing the difference in thermal lensing between CW and pulsed operation for a Rigel i-series laser.   2.4 Validation of model  Validation of the Matlab model is performed against two leading ABCD laser design packages; Paraxia ABCD, Version 2.01.06 release Nov 21, 2005 from Stanford University and Rezonator from UCLA University. Paraxia and Rezonator give equivalent output but Rezonator is constrained to cavity only designs and does not support free-space propagation. In order to check the validity of the model it is important to pick a test where a standard ray trace approach fails. To achieve this a model is created with an M2 = 26 laser beam of beam waist diameter 7.5 mm propagating 500 mm before being focussed by lenses of various focal lengths. A ray trace assuming a collimated beam of 7.5 mm would, incorrectly, always predict focal positions of a thin lens to be equal the focal length of the lenses. It would also, incorrectly, predict an infinitely small focussed spot. The ABCD models predict both the beam size and the position of the focus accounting for the laser beam divergence due to diffraction. The 1/e2 contours of the beam are shown in Figure 12 for the range of this numerical experiment. The results shown are Matlab derived results but are repeated in all sets of test software. 
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 Figure 12 – Plots of 1/e2 beam contours for different EFL thin lenses, (a) 100 mm, (b) 200 mm, (c) 300 mm, (d) 400 mm, (e) 500 mm (f) 600 mm. The focussed waist position can be seen to move back towards the lens between (e) and (f).  The plots in Figure 12 show both the diverging diffractive behaviour of the laser beam as it propagates from its initial waist, the finite size of the beam waist and the resulting change in the position of the beam waist in Z as a result of the balance between the diffraction of the laser beam and focussing of the lens.  
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 Figure 13 shows the Z location of the beam waist for this numerical experiment as a result of the ABCD modelling and it clearly shows the beam waist moving back towards the lens in Z for lenses with focal lengths greater than 450 mm, contrary to a ray trace result.  
 Figure 13 – Location in Z of best beam waist for different EFLs of lens.              
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Figure 14 shows the comparison of the prediction of the beam waist size at focus between the two modelling packages; predictions from both packages are within 3% of each other and the residuals indicate a strong linear fit.  
 
 Figure 14 – (a) Direct comparison of spot sizes between Paraxia and Matlab software, a linear fit  between the data points is shown R2 = 1.000, gradient =1.002, intercept=0.006. (b) residuals.       
(a) 
(b) 
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A second test, to validate the performance of the Gaussian duct is crucial to the modelling of the laser gain modules. Using Eqns. (8) (9) (15). A Gaussian duct is created in free space with a length of 150 mm. The n2 parameter is varied in both Paraxia and Matlab models and the resulting beam waists and positions compared. Figure 15 shows the Matlab output for this system. The 1/e2 irradiance contours of the beam as it propagates thought the model in Z are shown and the position of the input and exit of the Gaussian duct is marked by the vertical lines and annotation in the figure.   
 Figure 15 – Gaussian duct models for (a) n2 = 10.5 (b) n2 = 25.                  
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Figure 16 shows the predicted beam waist position and beam waist size are again in good agreement between the two models although the residuals indicate a minor non linearity between the two models, it is likely this is due to the fixed sampling length in Paraxia.  
 
 Figure 16 – (a) Comparison of models for Gaussian duct test a linear fit  between the data points is shown R2 = 0.999, gradient =0.96, intercept=0.12. (b) Residuals.     
(a) 
(b) 
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A demonstration of the ABCD model accuracy as modelled against a real laser beam is given in Figure 17. A green laser λ=532 nm of known size and position is focussed into a spot by a lens and then compared to the modelled prediction. The predicted modelled data matched very closely to the 1/e2 contour as measured by a Cinogy CinSquare CS200, measured to standard ISO1146/1/2. 
 Figure 17 – ABCD modelled data (lines) plotted against the measured (circles) data for a focussed laser beam of M2 = 26.        
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2.5 Application of modelling tool and comparison to real data Now the validation of the free space propagation, mirror positions and Gaussian duct models are completed, the modelling of a complete laser cavity is possible. A typical cavity solution is shown in Figure 18 showing the 1/e2 contours of the solved eigenmodes for a range of pump currents and resulting thermal lenses given by Eqn. (15) and accounting for all intra-cavity apertures. 
 Figure 18 – Showing the 1/e2  contours of the beam solution for this cavity, the cavity shown consists of two gain modules as modelled as Gaussian ducts and two terminating mirrors. Key:AOM, acoustic optic modulator; HR, high reflector; OC, output coupler.  An important note with modelling this particular laser cavity is that the thermal stresses induced upon the Nd:YAG crystal during the absorption of the pump light give rise to a strong birefringence within the rod caused by thermal strain against the crystal structure of the Nd:YAG. If a polarising analyser were to be placed in a free-space laser beam sampling this region of de-polarisation, then the patterns shown in Figure 19 would be observed. These are known as isogyre patterns [53] and indicate polarisation that is radially and tangentially polarised with respect to the Nd:YAG rods cylindrical geometry. 
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 Figure 19 – (a) Isogyre pattern with polarisation analyser oriented in the vertical and (b) with polarisation analyser oriented in the horizontal.  The importance of this behaviour to the ABCD modelling is that the laser beam is de-polarised as it circulates the laser cavity and the radial and tangential polarisations experience a different thermal lens as a result. In general the n2 value for the radial thermal lens is 10% more than that of the tangential [53]. This is addressed in the ABCD modelling by overlaying the results for the radial and tangential at their extreme thermal lens values. The isogyres also tend to smooth out any cut off regions between the two stable eigenmodes. During the cut off regions the laser continues to lase on any remaining available polarisations that give a cavity solution. In these regions laser beam is observed to be more patterned, reduces in M2 and the dynamic stability of the laser is poorer. Figure 20 shows modelling results of anticipated M2 and beam waist values for radial and tangential extremes of a known symmetric cavity, where measured unpolarised results of the cavity are overlaid for comparison. The operating M2 of approximately 25 is predicted and the behaviour of the beam waist with increasing current is reasonably predicted within the tangential and radial values. The value of 100% of operational power is the optimum operation point for the laser cavity determined to balance a high average output power and the centre of the dynamic stability range of the laser. This region tends to coincide with the peak in the M2 vs. operational output curve. At powers significantly above, typically 10% above or below this operational point the laser can 
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become dynamically unstable, this is unsuitable for most processes. The laser is also typically dynamically unstable during the transition between the eignemodes. 
 
 Figure 20 – A comparison of models and measured data for  (a) M2 against operational pump power and (b) beam waist against operational pump power for a typical near symmettric laser cavity.  A further modelling prediction is performed for an asymmetric cavity and the results are shown in Figure 21(a). In this case there was also an intra-cavity aperture placed inside the oscillator section of the laser in order to alter the M2 profile of the laser which was accounted for in the model. The M2 curve is shown to follow the curve labelled as the envelope; which is the maximum M2 the cavity can achieve by combining the radial and tangential polarisations. The cavity response is observed to follow this curve in this case. For completeness Figure 21(b) displays a graph of the laser when operated at CW 
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and at different repetition rates. There is a significant kink in output power of the output power vs pump power in the region where the transition from one eigenmode occurs. The kink position moves to an increased pump power when operated in CW mode, this is due to an increased optical power extraction from the laser medium as the laser is always lasing and not pulsed, the increased power extraction effectively cools the laser rod as less power remains within the rod to generate heat through non-radiative decay, this subsequently reduces the strength of the rod’s thermal lens. 
  
 Figure 21 –(a) Predicted maximum M2 against operating power, measured values are overlaid for X and Y dimensions of the beam (b) laser output power of the measured cavity showing different repetition rates.  
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Figure 22 details the predicted 1/e2 diameters of the irradiance profile and the full angle divergence against their measured values. The model tends to over-predict the beam waist and under-predict the divergence slightly and converges onto the measured values for operational pump powers greater than 80%. A reason for this is that field values for the apertures may be smaller than the actual physical extent of the aperture in the system. 
 Figure 22 – (a) Predicted beam diameter plotted against the diode pump power (b) full angle divergence plotted against the pump power. Measurements are overlaid for X and Y axes.  Further amplification stages and lenses were also added to the model as free space components as shown in Figure 23. 
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 Figure 23 – ABCD model with confined beam generation in the laser oscillator and free space propagation.  The code is also designed to permit any number of limiting apertures along the cavity. This is achieved by scanning along the length of the solved TE00 embedded Gaussian and solving against the specified apertures in their location along the Z axis. Once each aperture is analysed then the beam- profile which was constrained to the lowest calculated M2 value is used to scale the beam diameter within the cavity. This allows analysis of cavities with multiple limiting apertures to be modelled and also to examine or tune the behaviour of this cavity by deliberately placing apertures into strategic positions.       
 38 
A modelling demonstration of multiple apertures within cavities is given in the following figures. Figure 24 shows 1/e2 irradiance contour overlays of an asymmetric cavity and the M2 values for increasing pump power. The cavity has a strong distinct region between the eigenmodes for stable oscillation; these can be seen both in the overlays of the 1/e2 contours in and the M2 vs current. The laser cavity is formed between two planar mirrors and the only limiting aperture is the gain medium and its location is shown in Figure 24(a). 
  
 Figure 24 – (a) 1/e2 Irradiance contour overlays of an asymmetric laser cavity formed between two mirrors and (b) M2 values for increasing pump power.       
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A limiting aperture of 1.5 mm diameter is then placed in the vicinity of the left mirror as depicted in Figure 25(a); a strong suppression in the M2 value for the first eigenmode is observed in Figure 25(b) at low operation power.   
  
 Figure 25 – (a) 1/e2 Irradiance contour overlays of an asymmetric laser cavity formed between two mirrors and (b) M2 values for increasing pump power, with a second intra-cavity aperture added at the left hand mirror as indicated in (a).           
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If a third limiting aperture is additionally placed in the vicinity of the second cavity mirror, the M2 profile with increasing pump power also changes. The peak M2 achieved by the laser is still M2 = 20 but the M2 value are suppressed at lower operational pump values as shown in Figure 26. 
  
 Figure 26 – (a) 1/e2 Irradiance contour overlays of an asymmetric laser cavity formed between two mirrors and (b) M2 values for increasing pump power, with a third intra-cavity aperture added at the right hand mirror as indicated in (a). 2.6 Summary  An ABCD model is presented that accurately models free space propagation and confined laser cavities for high power multimode laser sources that is at least as accurate as leading ABCD software. The key advantage of this proprietary code approach is that the generation of M2 vs operational pump power models and beam output predictions can be completed much quicker via the automation in the Matlab source code. The code is also configured, as shown in Figure 10, to be re-usable by 
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generating standard models, or system matrices for laser systems or gain modules. It is also possible to conceive of iterative algorithms that optimise the system for a particular behaviour with operational pump power or placement accuracies of components. An element of novelty is added into the code which permits the use of multiple limiting apertures within the same cavity model. This is not observed in any of the commercial packages available, neither is the ability to swiftly model the laser cavities against increasing operational pumping power.     2.7 Conclusion  The model presented in this chapter can predict the behaviour of the propagating multimode laser beam; it is most accurate when modelling from a known measured data point and predicting the future evolution of the beam or modelling through other optical elements such as lenses. The accuracy of the ABCD model is more difficult to quantify against confined laser cavities, mainly due to the described isogyre behaviour of this laser generating a range of thermal lens conditions for different polarisation states, which acts to blur the resolution of the model. The model does however provide a strong insight into the likely stable regions of operation for the laser, detailing the beam waists, the divergence and the sensitivity of the cavity to displacements of components. Accuracy based upon the results for predictions of laser cavities was within ±20%, for free space beam waists and divergence an accuracy of ±5% is established by comparing statistics on measured and modelled results. The model accuracy is not better or worse than commercial packages but is significantly faster at generating model output and therefore is of more use for quickly assessing alterations to cavities, or optical trains. The ability to model multiple apertures within the cavity is believed to be a novel and inventive step, which is useful for modelling strongly asymmetric laser cavity designs. There remains considerable scope to develop models for these lasers; however the ABCD modelling of the laser cavities and the free space modelling was sufficient to complete the development stages of the laser system as detailed in the following chapters. A more advanced approach to modelling of these free space laser cavities can be found after references [56-58].   
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 Figure 27 – The laser delivery to the substrate and the motion of the substrate.  The optical system is split into the following component parts, two pulsed infrared (IR) lasers, optical fibres and optical processing heads. Each section of the system affected the design constraints of the following component; hence each component is presented here in the order in which they progress through the system, starting first with the laser source and progressing through the optical train to the processing head delivery of the beam to the substrate. The delivery fibre has a minimum length of 10 m and a maximum delivery length of 30 m, this means any reflected pulses from the substrate arrive back at the laser between 97 ns and 200 ns after the emission of the pulse. The Q-switched pulse duration of this laser is between 60 ns and 80 ns, so the reflected pulse arrives at the laser when the cavity is not active, hence causes no back reflection issue. The repetition rate is also such that the pulses are a minimum of 50 µs apart so that it is not possible for back reflections to interfere with following pulses either, as any reflected pulse will have ceased before the laser opens the Q-switch for the next pulse.   
X Z 
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3.2.1 Infrared laser sources  The laser sources utilised operate in the repetition range 10 kHz to 20 kHz, with a pulse duration of 30 ns to 100 ns. These are typical values for the Rigel i-series laser range offered by Powerlase Photonics. The Rigel I series laser range offers different laser layouts that can produce lasers of average powers between 800 W and 1.6 kW, with pulse durations of 30 ns to 120 ns, dependent upon the repetition rate. Pulse energies from 10 mJ to 250 mJ are possible, with M2 values typically between 16 and 30. Due to the large mark to space ratio in the temporal delivery of power from this laser in this range, the peak power and energy delivery of the pulse can be easily estimated by the following equations. Eqns. (16) describes the energy per laser pulse, E, where PA is the average power and R is repetition rate of the laser.   8 = 9:5  (16) Eqn. (17) describes the peak power per laser pulse, Pp is the average power of the laser at the given repetition rate, and td is the FWHM pulse duration. The peak power, Pp and the pulse duration td are shown diagrammatically in Figure 28 obtained by solving a representative laser rate equation as given in [50], [59] by using numerical methods.   9;≈ 8< (17) 
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 Figure 28 – Modelled laser pulse envelope showing FWHM pulse duration (Pd) and peak power (Pp).  Given the typical scenario of 10 kHz pulses at an average power of 1 kW and 60 ns pulse duration gives a pulse energy of 0.1 J and a peak power of approximately 1.7 MW. These figures are of direct importance to the design of the fibre delivery system as the large peak and average powers lead to constraints on the deliverable power.  In order to establish design rules for the pulsed power some research into the industrial specification for the laser coatings was undertaken. Pulsed laser damage is covered by ISO standard by ISO/DIS 11254-1.2 for single shots, and for multiple shots it is ISO/DIS 11254-2:1995. Laser damage thresholds are quantified to these standards by the manufacturers in terms of the fluence in J/cm2 at a specified wavelength and pulse duration. A supplier of these parts, CVI (Now Idex), quotes damage thresholds for typical coatings at λ=1064 nm as 10 J/cm2 to 30 J/cm2 measured with a 20 ns pulse duration.    
Pp td 
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As the peak irradiance changes with pulse duration, the damage threshold scales according to Eqn. (18)  3"= = 3">199 (18) Where LDT2 is the damage threshold at the new pulse duration, P2 is the new pulse duration, P1 is the original pulse duration and LDT1 is the damage threshold at the original pulse duration. For most practical optics used in these high power applications the coating specification is 10 J/cm2 at 1064 nm with 20 ns pulse duration, the laser was operated at 60 ns giving a fluence damage threshold limit of approximately 17.3 J/cm2 at 60 ns, using Eqn. (18). As per Eqns. (16) and (17) the average power decreases with decreasing repetition rate but a much higher peak power is generated. This was potentially damaging to the fibre and Eqns. (16), (17) were used with the beam waist information from the optical  models to predict the fluence and the peak irradiance experienced by the fibre and processing heads over the required pulse durations for the process.  3.2.2 Beam delivery fibre and fibre coupling  The first step in the optical delivery of the laser radiation to the substrate is the coupling of the laser beam into a suitable optical fibre. The fibre utilised is a fused silica square core optical fibre with a core width of 600 µm ± 15 µm, an automotive industry standard fibre with a maximum NA of 0.22. This fibre is selected not only because of ease of beam delivery but also because it performs a homogenisation action [16] on the laser beam, this is defined in detail in the later section describing the homogenisation in more detail. The coupling of the laser beam into the fibre is achieved by focussing the laser beam to a known spot size via a spherical focussing lens (or lens doublet). The selection of the optics for the injection lenses is determined by the following parameters;  the desired 1/e2 beam diameter of the focussed beam, the M2 of the laser beam, the diameter (1/e2) of the laser beam as incident upon the focussing lens and the position of the laser beam 
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waist. For initial lens selections the focal length of the focussing lens is estimated by Eqn. (19)  ? = @A42Bλ (19) F is the focal length of the lens, D is the 1/e2 diameter of the beam as measured at the lens entrance, w0 is the 1/e2 beam radius of the desired focussed spot, M2 is the measure of beam quality given by [51] and λ is the laser wavelength. The Rigel series of lasers have typical specifications of, 18 < M2 < 25, 
λ=1064 nm ± 2 nm and D varies between 2 mm and 10 mm dependent upon design layout. 
 Figure 29 – Range of focal lengths for different collimated laser beams.  Figure 29 shows the range of focal lengths for different collimated laser beam diameters with a range of beam qualities indicated by their M2. In the case where the desired focussed spot radius is 0.28 mm 1/e2, wavelength of the laser is 1064 nm and the M2 of the laser is 20, then this graph indicates that, for an entrance beam diameter of 6 mm, a focal length of 110 mm is desired. 
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This simple analytical approach is useful for the selection of the focal length of the lens but is not in general adequate for the opto-mechanical design of the lens assembly. This is because the laser beam is not generally collimated when incident upon the focussing lens, which led to an increase in the back focal length. In order to model the focussed beam position the ABCD model, described in Chapter 2 was used in free space to locate the beam waist position. The ABCD model result shown in Figure 30 indicates the locations of the waist of the incoming laser beam and the waist of the focussed beam. This permitted the accurate design of the mechanical housing of the lens. 
 Figure 30 – ABCD model of laser beam focussed by a lens of EFL 75mm.  The ABCD model however does not predict the irradiance profile of the laser beam and the measured irradiance profile shape of the focussed laser beam emitted from a Rigel series laser is shown in Figure 31 and XY-slices shown in Figure 32. For practical laser beam measurements, the laser waist position and M2 of the laser beam is determined by a beam quality measurement tool, either a Spiricon M2-200 or a Cinogy CinSquare CS200, measured to standard ISO1146/1/2.   
Focal position D w0 
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Even though the laser is strongly multimode the resulting irradiance profile of the focussed beam takes the form of a nominally Gaussian line-shape, albeit noisy and a typical measured profile is shown in Figure 31 and Figure 32. The irradiance profile did not show signs of sharp discontinuities that would lead to hotspots that could damage the fibres. 
 Figure 31 – Rigel i-series laser irradiance profile at focus.                
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Figure 32 shows the line cuts through the irradiance profile of the focussed laser beam.  
 Figure 32 – Rigel series laser irradiance profile at focus. Line cuts through (a) the horizontal and (b) the vertical planes of the beam show 1/e2 diameters of 561 µm and 542 µm respectively.   Using the approximate Gaussian line-shape of the focussed beam profile the coupling efficiency C was estimated by Eqn. (20). Fresnel reflection losses at the entrance to the fibre can be neglected as the fibre end cap has an anti-refection coating R < 0.5%.     ≅ D D E4FGH√JKL M=GH√NKO M=! × FGQ J7LR=SGQ N7OR=STGT UVD D E4FGH√JKL M=GH√NKO M=!TGT UV  (20) I0 is the peak irradiance, gX and gY are the 1/e2 radii of the beam irradiance profile and hX and hY are the 1/e half widths of the fibre.        
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The fibre transmitted the laser radiation and homogenised has a 600 µm square core with a length that varies from 10 m to 20 m long depending upon customer installation requirements. The maximum supported NA of the fibre was 0.2 and the injected NA is calculated form the ABCD models to be approximately 0.024 and well within this NA limit of the fibre. The coupling into the fibre for different input beam waists is modelled using Eqn (20), the fibre shape is approximated to a super-Gaussian line shape with order (n) of twenty, which describes a square profile in two dimensions with similar sized edge-widths to the actual measured irradiance profile of the fibre. The profile of this super-Gaussian is shown in Figure 33.  
 Figure 33 – Super-Gaussian model of square core fibre. Inset (a) shows the 2D profile of the fibre and (b) shows the line cut thought the X axis.             
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Figure 34 shows the modelled trade-off between coupling and the peak irradiance at the focal point of the focussed laser beam. If the input beam waist is too small there is a high risk of shattering the core due to the high peak irradiance of the laser beam, typically >40 GW/mm2. Conversely too big a spot is generated at the focus this gave a lower coupling efficiency and also risks shattering the fibre core due to radiated power being dissipated in the fibre cladding rather than being transmitted into the fibre. 
 Figure 34 – Irradiance and coupling efficiency variation with beam waist size.  In order to assess the optimum input beam waist, the exact value for the peak irradiance of the focussed laser beam can be established by Eqn. (21), where P is the peak power of the pulse, ωX is the 1/e2 radius of the focussed profile in the X axis and ωY is the 1/e2 radius of the focussed profile in the Y axis.   E0 = H2πM H 9WUWVM (21) Similarly the peak fluence, F0, is given by Eqn. (22), where E is the pulse energy.   ?0 = H2πM H 8WUWVM (22) 
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For this application a design beam diameter (1/e2) in the range 500 µm to 550 µm is found to give optimum coupling, which yields the largest practical spot size, while still achieving coupling efficiencies of greater than 98%. Using this beam waist size, the value of peak irradiance for a focussed spot of a laser with 1.6 kW average power is 25 GW/mm2 and the peak fluence is 125 J/cm2. These figures are high enough to damage most coatings or optical surfaces. In order to resolve this modern optical fibres used to couple to high power lasers are designed to have an end cap design  as shown in Figure 35. In this design the fibre is physically fused to the end cap to make a the region subjected to the high fluence a section of homogenous bulk fused silica, provided the fusing of the end cap to the fibre is of sufficient quality the damage threshold achieved at this join should approach the bulk damage threshold [60-61] of fused silica of 3854 J/cm2 ± 10 J/cm2 as measured at 1064 nm with a 14 ns pulse duration. In practice this higher value laser induced damage threshold is seldom achieved due to process of fusing the fibre onto the back of the end cap and the damage threshold can vary from manufacture. For this reason all the fibres used in the high power laser systems were stress tested before shipment by a factor of two by fluence and peak power. The fibres utilised in this project are commercially available from a number of suppliers, with surface typical fluence limits for the incident light on the end cap of < 50J/cm2. The fused joint between the fibre and end cap is manufactured either by electrical arc or by clean flame, depending upon manufacturer. Two manufacturers were used for the supply of fibres, Optoskand and Highyag, both using a flame process. 
 Figure 35 – Diagram of the fibre coupling end cap, the dashed line indicates the 1/e2  contour of the irradiance profile.  Dp, as referenced in Figure 35, was calculated using the ABCD model propagating from the fibre core and was determined to be approximately 1.2 mm diameter at the entrance to the end cap. Setting a limit of 17 J/cm2 @ 60 ns yielded a maximum average power of 1 kW for a 10 kHz pulsed laser, that can be safely coupled using this method. The size of the spot and the coupling efficiency are predicted by the Eqn. (20). By translating the offset of the focussed beam and the fibre core, a coupling curve can be 
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generated that can be used to compare to the practical result of translating a fibre across the focussed laser beam in X or Y. Using this approach the measured vs modelled fit is shown in Figure 36 for eleven different lasers. A good fit is observed and this is an approximate measurer of the spot size and variance in the coupling achieved for a sample of laser builds. 
 Figure 36 – Fibre coupling curve for different displacements of the beam from the fibre centre, fibre had a 600 µm core diameter and the laser beam was 550 µm 1/e2 beam diameter.  The source of the uncertainties in Figure 36 are the variations in laser M2 between the different lasers, the variations in beam waist position (in Z) due to different amplifier thermal lens strengths and, to a smaller degree, variation in the fibre diameters between systems. 3.2.1 Note on first pulse control of the laser  The lasers utilised in this process are typically pulsed between 10 kHz and 15 kHz. The time between pulses for these repetition rates are significantly less than the upper state fluorescent lifetime of the Nd;YAG, typically 230 µs. In the case when the laser is first Q switched from a period of hold off, via the internal AOMs this causes the first pulse 
 55 
emitted to be considerably more powerful than the following laser pulses at a stable repetition frequency, as there is more stored power for the first pulse. This giant first pulse of the laser is indicated in the schematic in Figure 37, where the laser is held off from lasing by the AOM before pulsing is applied and the first pulse is shown at 400 µs, the following pulses are even but have much lower peak powers. A large initial large pulse generally causes damage to sensitive components if not removed, especially to the fibre coupling joint as described in this chapter and the laser internal optics. 
 Figure 37 –(a) laser AOM drive and (b) lasers pulses.            
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The scheme employed to remove the giant first laser pulse is shown in Figure 38. In this scheme the acousto-optic modulation (AOM) is reduced linearly over a period of 250 µs prior to the repeated Q switching of the laser cavity. During the linear release of the AOM a pulse of large temporal width, but small peak power is released. This removes the energy from the first Q switched pulse and the height of the subsequent first pulse can be tuned by the timing following the first hold-off cycle of the AOM. By tuning the slope and the timing of the linear AOM region the first pulse height can be reduced to the same peak height as the following peaks when continuously pulsed. This protects the laser and optical components from first pulse damage. 
 Figure 38- Laser AOM signal and even first pulses as a result of electrical first pulse control   This first pulse control is a standard part of the laser alignment procedure for the Rigel i-series.       
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3.2.2 Summary of fibre coupling  A summary of this section is that a focussed spot from the Rigel i-series laser of approximately 550 um 1/e2 gives the optimum balance between coupling efficiency and physical damage to the fibre.  Figure 39 shows the coupling efficiencies achieved over fourteen lasers, manufacturing variance in M2, hence spot size accounts for most of the deviation from the modelled line. In all cases the fibre coupled up to 1 kW average power at 10 kHz with 60 ns pulse duration, with no damage to the fibre or the optics. The same coupling arrangement was also explored at 1.6 kW 10 kHz with 60 ns pulse with no damage to the fibre, even though it exceeded the damage limits specified in this chapter.  
 Figure 39 – Histogram of coupling efficiencies achieved with Rigel i-series lasers.   3.2.3 Conclusion of fibre coupling The conclusion of this section on fibre coupling is that for a 550 µm 1/e2 diameter spot the mean coupling efficiency is 97% and there is a safe average power of 1 kW for a 60 ns, 10 kHz laser, which scales accordingly with repetition rate.    
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3.3 Fibre homogenisation  The fibre serves another more subtle purpose than the physical transport of the laser power to the processing head. As the laser radiation propagates through the fibre, the laser light is homogenised and de-polarised by the fibre into the same core shape and dimensions as the fibre. In addition the laser output of M2  = 20 has a large spatial mode content. This acts to destroy the spatial coherence of the laser beam and, as a consequence, the serendipitous removal of speckle. The net result of this process was that the output of the fibre has a very homogenous square profile, as shown in Figure 40 and in the XY-slices in Figure 41. The profile was homogenous even if the profile was observed for a single pulse of the laser. The image in Figure 40 was obtained with a Thorlabs DCC1545M CCD camera and an optical relay with a magnification of approximately 1.5 ×. The X and Y dimensions were calibrated by mounting the camera on a micro-meter driven linear stage, the gamma correction was intentionally set to one, so the irradiance profile is not distorted. The images of the fibre and the holograms were acquired without damage to the camera at high powers by means of a series of reflective attenuators with mounted internally or externally and the excess power was dumped into water cooled beam terminations. Calibration of the image size was performed by mounting the fibre on a linear stage with a micrometer actuator and comparing the displacement of the image in pixels with the physical motion of the fibre. 
 Figure 40 – Irradiance profile of the 600 µm square core fibre.  Measurements techniques and details of the quality measures for the irradiance profile such as, spot width, edge width and homogeneity is given in later chapters. 
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 Figure 41 – The homogenised output of a 600 µm fibre shown as line cuts in (a) the X plane and (b) the Y plane.  The homogenisation action of the fibre is at the expense of an increase in the beam parameter product (BPP). Defined in Eqn. (23) below as:  
99 = A4X4 (23) Here BPP is beam parameter product, w0 is the 1/e2 beam waist and θ0 is the beam divergence. When the beam divergence is very small the divergence angle is practically identical to the numerical aperture (NA),in rads, which is defined a NA=sin (θ0 ). Figure 42 shows the output NA emitted from a square core fibre with a diameter of 600 µm and a length of less than 30 m and is plotted as a function of the input NA of the injected laser beam. Is is taken directly from reference [16]. 
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 Figure 42 – The resulting output NA for a 600 µm square core fibre for a fixed length of fibre <30 m for a range of input NAs from the focussed laser beam of fixed beam size (550 µm 1/e2diameter).  Eqn. (24) details the relationship parameters that describe the NA of the focussed laser spot that was injected into the fibre. Typical laser beam parameters were, M2=20, 
λ=1064 nm, F=100 mm and by placing these values into Eqn. (24), the input NA in the fibre was determined to be 0.024. The output NA measured in the fibre was typically NA=0.07 to 0.08, approximately three times the input NA and in agreement with the graph in Figure 42.  Y = ZB2λ
π[0\ (24) Although there was an increase in the NA of the emitted light, an NA of 0.08 is still small enough to facilitate a relatively simple and compact design of the beam shaping and process delivery optics. This small NA < 0.08 is ideal for minimising the number of optics surfaces that form the beam shaping and beam delivery optics. 
 61 
3.3.1 Other approaches to homogenisation It is useful to compare the homogenising approach using the fibre to other homogenising approaches that are commonly employed to shape a laser beam in order to compare the effectiveness of the fibre homogenisation approach. A clear area of interest is the possibility where the  beam shaping takes place within the processing heads. An option evaluated for this and other applications, potentially without a fibre, was the use of holographic elements to shape the laser beam. These optical components are often referred to as kinoforms [15] or computer generated holograms (CGHs) and consists of transmissive or reflective plates, where the optical phase of the beam is altered across its spatial profile [12]. This spatial variation of optical phase in the near field then alters the far field content as the beam propagates, the far field irradiance pattern can then be reconstructed in the near field by a field lens [62]. By designing the near-field phase profile to generate a desired far-field irradiance profile, complex beam shaping can be performed. A common approach to designing these holograms is the Gerchberg-Saxton [63] phase retrieval algorithm; Figure 43 serves as a demonstration of the technique using fast Fourier transforms [64]. There are many more versions and techniques, which are covered in literature [12, 59, 65-66] and commercially derived versions. 
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 Figure 43 – Gerchberg-Saxton algorithm.  In the application of the Gerchberg-Saxton algorithm shown in Figure 43, an input field profile is given in terms of its measureable irradiance, I and its field phase, θ. Both the field amplitude and phase profile are complete functions in X and Y that describe the profile over a finite domain size chosen by the designer. The first step in the iteration is a fast Fourier transform (FFT) which generates a field amplitude √D and phase ψ that 
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describes the angular profile of the beam in the far field. This is commonly referred to as the replay field in literature [12] and here is given the symbol R. The irradiance profile as a function of angle can be evaluated by multiplying the complete description of the field, R by its complex conjugate. This is then compared to a desired far field irradiance profile Q. If the match fails a prescribed criteria then the iteration repeats and the far field amplitude √D is extracted and replaced with the desired amplitude √Q. An inverse FFT is then performed, which generates an altered phase and field amplitude as function of X and Y. The phase, now θd, is kept but the field amplitude, √P is discarded and replaced with the original field amplitude √I and the iteration continues until a desired replication quality of far field irradiance profile, Q, is reached. Once the desired quality is reached the algorithm outputs a phase map θd in the X and Y dimension, this is oversampled to replicate the physical size of the diffractive optic and to render some features visible in the replay field that would otherwise be hidden, in particular the higher holographic orders. The final oversampled phase profile can then be evaluated or realised into a real physical device made of glass or generated via a suitable spatial light modulator (SLM). These and other techniques are discussed in much more detail in literature [12], but are outside the scope of this thesis.  It’s important to note a few features of this algorithm, the first is that it can give a multiple set of solutions for θd  that are strongly dependent upon the initial seed phase profile, the second point is that the beam shaping desired is of the irradiance profile, not the field amplitude. Potentially of interest to a reader of this thesis is that the algorithm can be altered to create target irradiance profiles at specific positions along the propagation axis Z, either by adding lens functionality to the generated hologram θd, or by replacing the Fourier transforms with Fresnel transforms A modelled example of the Gerchberg-Saxton algorithm is detailed in Figure 43 and Figure 44. 
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 Figure 44 – A modelled example implementation of the Gerchberg – Saxton algorithm as described in Figure 43. (a) is the derived diffractive phase θd, (b) is the input irradiance, I,  profile incident on the diffractive (c) is the modelled oversampled far-field irradiance, D and (d) is the target far-field irradiance, Q.  Holographic beam shaping is very common in lasers with a single spatial mode [15]. However there is little documentation on how beam quality would be affected by increasing the spatial mode content of the laser. An experimental investigation was devised to investigate the differences between beam shaping quality of lasers with differing spatial mode content. The experimental apparatus was set up as shown in Figure 45 for a single mode infrared laser, the holographic CGH evaluated was a binary phase hologram manufactured by Holoor, part number HM-201-1-Y-A, this had an individual pixel relief size of 120 µm.  
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 Figure 45 – Experimental set-up, (a) is a -54 mm EFL lens, (b) 500 mm EFL lens, (c) the CGH, (d) 50 mm EFL lens group for the camera, (e) DCC1545M Thorlabs camera, (f) 0.7 mm input beam diameter, (g) 7.7 mm diameter beam at CGH.   A` = Z2B2λπ \ ?# (25) The pixel relief was easily visible in a microscope and is shown, for interest in Figure 46 and the minimum surface feature was determined to be 125 µm, this correlates to a maximum diffracted image size of 85 mrad and a FWHM image in a 50 mm lens of 420 µm. 
 Figure 46- Pixel relief of the GCH from Holoor HM-201-1-Y-A  The image produced at the focus of the 50 mm EFL lens is shown in Figure 47 for a Nd:YAG laser with M2 < 1.5. The presence of laser speckle in the image at the camera was evident and was not desirable for a homogenised beam profile. The Gerchberg-Saxton model, as presented, doesn’t model the laser speckle as seen in the replay field. 
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 Figure 47 – Holographic profile from a Nd:YAG laser with an M2  < 1.5.  The X-slice through the irradiance profile imaged by the camera is shown in Figure 48, the speckle is evident as sharp discontinuities in the irradiance profile  
 Figure 48 – Holographic profile from a Nd:YAG laser with an M2  < 1.5.  
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Little is given in literature about the appearance of beam shaped images formed using CGH devices combined with laser beams with large spatial mode content or M2 significantly larger than 2. Normally the results for lasers with larger M2 illumination are undesired [15]. The same experimental set-up was used as in Figure 45, but the laser source was replaced with a multimode laser of M2=24, an aperture was placed in front of the CGH to the same illumination size as the M2 laser and the irradiance profile was imaged, the profile is shown in Figure 51. The image size is maintained but the depth of the speckle was reduced and the image as more homogenous. The larger M2 had the effect of blurring out the sharp speckle features of the laser. 
 Figure 49 – Holographic profile from a Nd:YAG laser with an M2 = 24, imaged at F#=6.4.          
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A slice through the irradiance profile is shown in Figure 50 and the laser speckle pattern was still evident but the depth of the speckle interference patterns was much reduced when compared to the lower M2 laser but was still much more evident and is poorer homogeneity than the fibre approach. 
 Figure 50 – Holographic profile from a Nd:YAG laser with an M2 =24 imaged at f#=6.5.  It was discovered that if the illumination size of the CGH was increased with multimode laser then the speckle further reduced. This was characterised by the systems F#, here defined by the illumination diameter of the CGH and the focal length of the imaging lens, which was a constant 50 mm throughout. Figure 51 shows the result where the illumination was 20 mm, resulting in a system F# of 2.5.  
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 Figure 51 – Same CGH but with larger illumination diameter – 20 mm F# = 2.5.  Figure 52 shows the X- slice through the centre of the irradiance profile and further improvement of the homogeneity was observed.  
 Figure 52 – X slice of irradiance for same condition F# = 2.5.  
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The variation in the speckle pattern was observed by varying the system F#  by means of an aperture in place directly in front of the CGH. The homogeneity of the image was observed to improve for decreasing F#, there was little incremental improvement on in the homogeneity below F# =5.0. The zero order is also present in these images as a bright spot in the centre of the image. 
 Figure 53 – Replay field of CGH for different F# (a) F# = 25, (b) F# = 20, (c) F# = 17 , (d) F# = 14.3, (e) F# = 12.5 , (f) F# = 10 , (g) F# = 8.3 , (h) F# = 7.14, (i) F# = 6.25  (j) F# = 5.5  (k) F# = 5  (l) F# = 4.6  (m) F# = 4.2  (n) F# = 3.8  (o) F# = 3.5.  X slices through the centre of the irradiance plots are shown in Figure 54.
 Figure 54 – Slices in X dimension for CGH replay images (a) F# = 25, (b) F# = 20, (c) F# = 17 , (d) F# = 14.3 , (e) F# = 12.5 , (f) F# = 10 , (g) F# = 8.3 , (h) F# = 7.14, (i) F# = 6.25  (j) F# = 5.5  (k) F# = 5  (l) F# = 4.6  (m) F# = 4.2  (n) F# = 3.8  (o) F# = 3.5.  If the best achievable value for the homogeneity for the hologram is taken to be F#=5.0 then this is the equivalent of a system NA of 0.1 and would be marginally larger than 
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the fibre method, but producing a poorer homogenisation figure. The output NA of the fibre was measured to be 0.07. The two methods are compared for the same F# (or NA) side by side in Figure 55.  
 Figure 55 – Comparison of imaged irradiance profiles of (a) CGH and (b) fibre.  The fibre clearly homogenises this laser beam more effectively than the kinoform for a given brightness; this is due to the improved mixing within the fibre, which destroys the coherence and the polarisation of the laser beam effectively giving an incoherent image of the fibre core at the exit of the fibre, in comparison the polarisation of the beam is largely preserved by the transmission hologram and so is homogenised more poorly. 3.3.2 Summary of fibre coupling and homogenisation An ABCD model of a high average power laser is used to model and design suitable coupling arrangement for a lasers with an average power of 1.6 kW and a pulse repetition rate of 10 kHz to 20 kHz. The optimum spot size of 550 µm 1/e2 is determined for coupling into a 600 µm ± 15 µm square core fibre, the coupling arrangement was standardised and tested for more than 14 production lasers with no signs of coupling damage over time. Excellent homogenisation of the laser beam is observed to be produced by fibres of length greater than 10 m, the emitted beam provided a geometric square shape with an NA < 0.08 for fibre lengths up to 30m long that can be used for re-imaging through a suitable processing head. The homogenised image was observed to be free from laser speckle even in the case when individual pulses were imaged by a CCD camera (Thorlabs DCC1545M). 
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3.3.3 Conclusion of fibre coupling and homogenisation The optimum spot size to minimise the risk to damage from the fibre is determined to be 550 µm 1/e2 diameter, which was found to balance the risk of damage to the fibre and maximise the coupling as much as possible. The coupling efficiency was determined to be >95% for all fibres coupled using this method. Homogenisation of the spot by the fibre was determined to be better than the required 15% and the output NA was less than 0.08 up to 30m of square core fibre. These measures of performance were fed forward in to the design of the beam shaping processing heads.   
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3.4 Development of the processing heads 3.4.1 Determining the optimum shape for the process The idealised spot shape for the customer’s surface removal process is a homogenous rectangular profile; this is due in part to the desired width of the processed track and also due to the processed track being formed by multiple overlaying individual pulses of the laser beam. Figure 56 details the importance of the spot shape by showing the result of overlaying multiple laser pulses for two practical alignments of a laser beam. A homogenous rectangular profile will leave a trench of uniform depth and sharp sidewalls, a diamond shaped profile however had more pulse overlap per unit length in the central section, thus leaving an undesired V shaped trench in the substrate with shallow sidewalls with the deepest removal in the centre of the trail.  
 Figure 56 – Different surface removal cross sections formed by the different profiles. (a) shows a diamond shaped profile which leaves a V shaped trench in the substrate (b) shows a rectangular profile and the trail is a trench of even depth.  Integration along the X axis gives the overlapped trench profile and is shown in Figure 57, the optimum trench required by the customer is a rectangular profile, a square profile would leave the same width as the rectangle but the delivered pulse fluence would be less due to the larger spot area, therefore requiring larger pulse energy. Selecting the optimum Y axis profile was the subject of analysis in the processing head design. 
 74 
 Figure 57 – Surface removal profiles as a function of spot shape (a) diamond shape profile, (b) idealised rectangular profile.  To understand the fluence delivered per unit length to the substrate in the X dimension, the number of overlaps of the rectangular profile needs to be calculated. The number of overlaps of each pulsed rectangular profile is given by Eqn. (26), where No is the number of overlaps of the rectangular profiles of spot dimension wX in the X dimension, R is the pulse repetition rate of the laser and VX is the substrate speed in the X dimension. A substrate moving at speed 0.1 m/s with a repetition rate of 10 kHz and a spot dimension of 0.4 mm would have 40 overlaps of the rectangular profile.   Y_  = AU∆U = AU5aU  (26) Given the overlaps of the pulses, the substrate would absorb a total pulse energy of Etotal as given by Eqn. (27), where Ap is the average power of the laser.  8<_<b = ;5 Y_ = ;AUaU  (27) 
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And the final equation of interest is the total fluence, Ftotal, given by Eqn.(28), where wY  is the rectangular spot dimension in Y.  ?c_<b = ;aUAV (28) An interesting feature of Eqn.(28) is that the total fluence absorbed by the substrate under motion in the X axis is only dependent upon the spot dimension in Y, hence if thermal losses are ignored, the spot width in X has no influence upon the maximum speed achievable, neither does the repetition rate. In reality heat does dissipate and the individual pulse fluence for a stationary rectangular profile must also be large enough to initiate surface removal, typically in excess of 10 J/cm2. A reasonable example of this is a substrate in motion at 10cm/s and values for wX and wY, Ap and R of 0.04 cm, 0.2 cm, 1 kW and 10 kHz respectively, the per-pulse fluence, Fpulse given by Eqn.(29), would be 12.5 J/cm2 and the total fluence, Ftotal would be 500 J/cm2, which is exactly 40 times as per the value given in the example for N0.  ?9dbeF = ;5AUAV (29) This analysis was used to guide the design, size and aspect ratio of the rectangular spot profile.   3.4.2 Beam shaping optic design  In order to translate the homogenised output profile of the laser to the substrate a method of shaping the square profile of the fibre into a rectangle is required. In addition to the optical transformation of the beam shape the optic also has to fulfil a number of other requirements namely, physically fit the permitted spatial envelope for install and service, and allow a long enough focal length to allow a protective cross-jet to avoid damage from process ejecta. These considerations are used to derive the back focal length of the final optic and the performance metrics used to characterise the processing heads, which are the edge width, homogeneity, spot width in X and the spot width in Y. These performance parameters are described in more detail in the following section. 
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A measure for homogeneity of the imaged irradiance profile of the system is given by Eqn. (30)  f = 1E̅ h1Y i(E(U, V) − E)̅kl   (30) Where H is the measure for homogeneity, I is the irradiance at a given X and Y co-ordinate within the 90% FWHM locus and Ī is the mean average of the irradiance in the 90% FWHM region. The 90% FWHM locus is shown in Figure 58. 
 Figure 58- Homogenised and shaped irradiance profile, the red rectangle depicts the 90 % FWHM region.  Edge width is used to define the sharpness of the beam shaped image of the fibre. A temptation for the optical designer is to use the modulation transfer function (MTF) or point spread function (PSF) commonly used as a measure resolution in diffraction limited lenses, however these bear little relation to the required outcome of the processing head. To overcome this difficulty a direct measure of sharpness is used instead and is the edge with, defined as the distance in µm that the irradiance profile varied from 20 % to 80 % this also has a direct relation to the sidewalls generated by the surface removal process. The choice of the 20 % to 80 % is mainly to avoid the high NA cladding features imaged in the optical models, these appear as a knee in the irradiance trace but do not occur in the measured results as the high NA of the cladding modes doesn’t transmit through the system. A higher NA cannot be ascribed to the 
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cladding regions in the optical model. Figure 59 shows the 20 % - 80 % edge width diagrammatically; the algorithm used to calculate this on the measured data takes the average of twenty adjacent Y slices though the irradiance profile in order to generate an averaged smoothed curve so the algorithm is unaffected by any speckle or inhomogeneity in the irradiance profile, the edge width is only calculated for the Y axis. 
 Figure 59 – Definition of edge width 20 %-80 %.  3.5 Optical design approach The approach for the beam shaping section of the processing head is to use cylindrical lenses to generate a different lateral optical magnification in each axis. This approach is simple and requires the minimum number of optical surfaces to perform the beam shaping and mitigates the possibility for optical damage due to the high peak power of the laser beam. It also reduces the cost and improves the serviceability of the system. The choice of geometric optics to shape the beam also permits physical shaping of the overall envelope of the beam delivery system; this is especially useful for the situation where the space envelope for the installation area is heavily constrained, or the optical train needs to be bent around objects that form obstructions.       
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There are several possible architectures for the beam shaper optics but the main two types utilised are described and identified as architecture 1 and architecture 2, as shown in Figure 60 and Figure 62. The reason for the two separate architectures is because the first tracking system has a very tight constraint on the placement of the fibre, as it is retrofitted onto an existing system. The additional relay in architecture 1 enables the length of the overall processing head to be increased to make the fibre connection accessible. Architecture 2 is a development upon the optical design implemented after the initial system was successful and more mechanical design flexibility was implemented on bespoke new machines. 
  
 Figure 60 – Processing head architecture 1.  In architecture 1, shown in Figure 60, the homogenised laser beam emitted from the fibre is initially pseudo-collimated via a spherical lens (f1); this is then focussed in the Y axis (f2Y) by a cylindrical lens then focused in the X axis by a second cylindrical lens (f2X) (or lens pair). The optical path is then further arranged such that the intermediate focal planes for X and Y are located in the same position along the optical axis (Z). The beam is then finally magnified and transmitted via an optical relay consisting of a collimation and focussing optic pair that are both spherical lenses. In this architecture beam shaping was performed between the fibre and the intermediate focus only, the final relay lenses (f3 and f4) served only to add more length to the optical train and also to perform a magnification of the spot in both axes at the intermediate focus, mainly to 
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fulfil the requirements for back focal length of the optic and also to increase the length of the optics to permit easy access to the fibre. In order to predict the spot size at the focus the focal lengths of the lenses are predicted via an optical system model. This system model is given by Eqns. (31) and (32).  mU = H2U1 M H43M m0 (31)  mV = H2V1 M H43M m0 (32) In Eqns (31)-(32), SX, SY are the final FWHM spot widths, f1..n are the lenses as depicted in Figure 60 and S0 is the fibre diameter.  The design constraints for this processing head consist of a very tight space envelope so the width of the processing head has to be less than 75mm wide. This in turn placed constraints on the achievable spot sizes with this technique. An estimate of the minimum spot size is calculated by using the beam parameter product of the fibre exit.  [pq. = Z_de5 \ 
99 (33) Where wmin is the minimum spot size, ffocus is the final focussing lens focal length, R is the radius of the final focussing lens and BPP is the beam parameter product of the fibre. Given a typical fibre core diameter of 600 µm, an output fibre NA of 0.08, a maximum final lens radius of 32.5 mm and a focal length of 200 mm this gives a minimum spot diameter of approximately 0.3 mm. The maximum value for the spot size is a little harder to calculate but is mainly limited in this architecture by the length of the processing head. A practical maximum focal length for f2Y is 250 mm. The maximum spot size is then calculated from Eqn.(32), the fibre diameter of S0 is 600 µm and f1=70 mm, f3=100 mm and f4=150 mm gives a practical diameter limit of SY of 3.0 mm. 
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A major challenge in the architecture 1 processing heads is the unusual space envelope of the system they are designed for, which resembles a long narrow tube and drives the requirement for a long optical train. This requirement puts physical constraints on the overall form of the optical-mechanical design and also on the parts of the processing head that require access, such as the fibre, water connections and the cover-glass. The tight constraints arise for this processing head as this design is installed as a retrofit on an existing mechanical system.  The general space envelope for the system is referenced in Figure 61 with approximate dimensions, also access points are noted. The figure is of a silhouette of the cross-section of available space within which the processing head and any beam termination needed to be fitted. A heavy shuttle which transports the substrate passes over this cross section in a direction into the page of the figure (X axis). Any part protruding from this cross section would have resulted in a catastrophic crash with the shuttle. Access to the fibre was required in the position as shown and the processing head needed to be long enough to permit the fitting and removal of the fibre. 
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 Figure 61 – Space envelope constraints of the first processing heads.  For these initial systems with this space envelope, architecture 1, as shown in Figure 60 is used because the extra length of the processing head permits the fitting and maintenance of the fibre      
100 mm  500 mm  Access to the fibre   Y  Z  
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A second type of processing head architecture is shown in Figure 62. 
 
 Figure 62 – Processing head architecture 2.  In architecture 2 the homogenised laser beam is collimated in the Y axis by a cylindrical lens, f1Y, the beam is then further collimated in the X axis by a second cylindrical lens f1X,. The resulting collimated beam is then focused by a single spherical focussing lens f2. This architecture is simpler and results in a shorter optical train, with fewer optical components. The generated spot size is also simpler to calculate being the simple magnification of the optical train, as detailed in Eqns. (34) and (35).  mU = H 21UM m0 (34)  mV = H 21VM m0 (35) 
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Apart from the optical design requirements for physical size, spot width and homogeneity there is also the requirement to be significantly de-rated from the damage threshold of the glass and coating. The processing head design therefore had to be high transmission and ideally minimise the number of optical surfaces. Coatings also were specified to be at least double the peak irradiance and fluence to damage the optics. Coatings used were rated at a damage threshold of 10 J/cm2 for a 20ns pulse at 1064 nm, the maximum peak fluence encountered internally in the processing head is 1 J/cm2. 3.5.1 Zemax modelling, building the source object The system model is a good tool for the selection of the lenses and initial feasibility study and fit of the optical components into the available mechanical envelope, but is not an adequate tool for predicting the actual spot shape, edge sharpness, blur, homogeneity, actual physical opto-mechanical design and transmission of the optical system.  As the emerging beam from the fibre is a non-diffraction limited beam with effective M2 value of 60 it is adequate to model the performance of the processing head with ray tracing software. There are many commercial ray trace packages available, notably Code V, OSLO, ASAP, amongst others, but Zemax is chosen for this design. The Zemax package is a market leader in this field and also has a wide array of extensions and functions, which permit non-sequential modelling and also facility to overlay computer aided design with the optical layout  The Zemax model is built by first designing the optical layout in the usual manner, ascribing surfaces, optic orientations, and by modelling positions of target rays through the system. This suffices for the approximation of the spot size but is not adequate for the evaluation of the homogeneity of the beam, or any patterning created as a result of clipping a hard aperture. In order to model these parameters, the geometric analysis tool is used, which propagates a programmable source through the optical train. The editor then outputs the actual representation of the transmitted beam in an editor window, detailing transmission loss and providing an X,Y plot of the irradiance profile. 
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The programmable source was created using a scaled bitmap image of a recorded irradiance profile of the fibre, as per Figure 63, this was taken using a Thorlabs DCC1545 camera with known pixel pitch of 5.2 µm. This irradiance profile was then converted using a Matlab program into a *.IMA format suitable for the Zemax editor, which consists of grid of ASCII values for irradiance. Using this automated approach, high resolution images of the fibre are scaled and propagated though the optical system at a larger NA than the measured output of the fibre. 
 Figure 63 – Irradiance distribution of 600 µm fibre, as programmed into Zemax.  Once the source is created in Zemax, it can be propagated through the model in exactly the same way as the laser beam propagates through the processing heads. Another advantage of this approach is that the modelled results and practical test results are directly equivalent. To ensure similar results from models to measurement the resolution of the Zemax model is also adjusted to be close to the resolution of the Thorlabs DCC1545M used to image the profiles, namely 800 × 800 grid of 4 mm width. The Zemax optical model is also used to generate an optical design that can be imported into a mechanical Computer Aided Design (CAD) package, in this case Solidworks. This is to ensure that the optics are mechanically mounted in the correct position and 
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also permits the design of optical mounting appropriate to the application, within the tolerances detailed later in this chapter.  Figure 64 – Exploded view of the clamping mechanism.  The first stage in the analysis is to design and construct the optical layout in Zemax and generate a numerical result for an optimally aligned system. Any limiting spherical aberrations are designed out by use of appropriate doublets and maintaining the correct conventions with respect to the Coddington shape factor [55]. The lenses selected for both the cylindrical and spherical lens elements are almost exclusively plano-convex. The reason for this is their ease of mounting and they are also close to best form for this wavelength in fused-silica, when oriented correctly to the laser beam. The material selection of UV grade fused silica is due to the marginally lower absorption co-efficient at 1064 nm when compared to BK7, both have internal material transmittances of greater than 99.9%. The Zemax layout of Architecture 1 is shown in Figure 65, some of the lenses are represented as blocks as they were multi-element lenses sourced from a commercial supplier who wished to protect their designs. These designs were diffraction limited multi-element lenses, but were modelled in their entirety within the black box Zemax models of the lenses. The boxed lenses are scaled to mark the physical extent of their housings, so they can be referenced in the CAD software.    
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 Figure 65 shows the Zemax layout of the architecture 1 type processing head in the YZ plane. Figure 66 shows the same architecture in the XZ plane.  Figure 65 – Original processing head –Architecture 1 – YZ plane.   Figure 66 –  Original processing head –Architecture 1 – XZ plane.  The positions of the lenses are first determined from the system modes previously described, then a custom merit function is created in Zemax to optimise the final physical positions of the lenses. The result of the geometric propagation of the laser beams through the processing head model is shown in Figure 67 below. 
 Figure 67 – Modelled source fibre and the resulting rectangular shape created at the focus.  A Matlab script is then applied to this captured irradiance profile to numerically generate the results for the edge width, homogeneity and to find the FWHM spot dimensions. The geometric transmission of the processing head was analysed directly 
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from the Zemax model by carefully specifying apertures within the Zemax model and calculating the losses through the system via the geometric propagation results. 3.5.2 Number of rays required to model the system  A key parameter established when modelling these optical systems is the number of rays required to accurately model it. This is established by modelling and analysing the image produced by the Zemax model for an increasing number of propagated rays. Using this approach the values generated for each of the performance metrics are taken to be accurate when the values for the parameters ceases to change with increasing ray count. This is performed for the spot size, edge-width and homogeneity performance parameters and the results for each parameter are shown in Figure 68, Figure 69, Figure 70 and Figure 71 below. 
 Figure 68 – Change in modelled Y spot size with increasing number of propagated rays.  
Y spot size 
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 Figure 69 – Change in modelled X spot size with increasing number of propagated rays. 
 Figure 70 – Change in modelled edge width with increase in rays propagated. 
X spot size 
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 Figure 71 – Change in modelled homogeneity with increase in rays propagated.  The findings of this study are that spot size can be estimated on a relatively small propagation of rays (> 1000), but uniformity and edge sharpness require >104 Rays to be propagated before the noise in the modelling is small enough to yield a repeatable result.  The conclusion of this study was that a minimum of 104 rays should be used for correlation with measured data where the predictions for edge widths are required. Increasing the number of ray count beyond 104 would significantly increase the time taken to model the system but would not improve the resolution of the edge width, 104 rays will also resolve homogeneities below 5%, which is well below the specification of 15%, hence if the 5% figure is achieved by 104 rays then there is no reason to proceed to a larger ray count.  The time taken to model is generally less than 3 minutes for 104 rays and greater than 15 minutes for 106 rays, which is time consuming for multiple analyses. The spatial resolution of the irradiance profiles are the same for both measured and modelled data and this permits the use of exactly the same algorithms on both modelled and measured results. 
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3.5.3 Mechanical tolerances  A key output of the optical modelling of the optical train is the mechanical tolerances that the individual lenses need to achieve in order to maintain an acceptable performance. The key tolerances defined for lens each element were; tolerances in the position X and Y and rotation about the Z (optical axis), tilt about X and Y are largely redundant due to the use of plano-convex lenses The approach to the tolerance analysis is to first construct a perfectly aligned system in Zemax, limited only by the residual aberrations of the system, and then to explore the response of the image to various tolerances applied to each lens element in turn. This forms the first order magnitude of permissible tolerance in the mechanical design. The response of the optical system was analysed by using the previously mentioned metrics, as observed in the Zemax numerical simulation in the image plane. The results were analysed via a Matlab script from the simulation output. The most challenging placement tolerances for the cylindrical lenses in the processing head is the rotational tolerance of the lens elements in Z. A result showing this sensitivity is shown in Figure 72, where the Rotation in Z is plotted against the edge width, which provides a good measure of the sharpness of the focussed image of the spot. 
 Figure 72 – The effect on sharpness of the image with rotation errors on cylindrical lens elements.  
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It is observed from Figure 72 that a rotational tolerance of less than 0.25º is desired to avoid cumulative blur of the image. By contrast the tolerances for X, Y position are always found to be generous and greater than ±1mm. This procedure for establishing the mechanical tolerances of the optical trains was repeated for each design version of the processing heads and the tolerances are also found to be very similar between the two architectures. A specification of <200 µm for edge width is envisaged. Hence the mechanical design tolerances were ±0.5 mm for X and Y and ±0.2° for rotation about Z and these are readily achievable in the mechanical design. An additional consideration for the mounting of the optics is the optical power and likely temperature that the lens elements and their housings experience. Given the potential for 1.6 kW source, even a 1 % reflection would lead to significant thermal load and could potentially lead to unwanted movement of the lenses. For this reason the mechanical technique used to house the optics is shown in Figure 64. A shaped clasp arrangement made of brass is used to key the front curved face of the lenses; this ensures the correct rotational orientation of the lens with respect to other lens elements in the group. The brass clasps are then held under compression with a retaining spring. The spring permits the lenses to be held under compression even if the lens group expands under heating. The material selection of brass was twofold; brass is a soft material ideal for surface keying to fused silica avoiding chipping or cracking of the lens under compression and brass also has a thermal expansion close to the rest of the metallic housing made of aluminium; brass being 19 ppm/K, aluminium is 22 ppm/K. The thermal expansion of fused silica is significantly smaller at 0.55 ppm/K. Hence the lens housing was expected to expand and loosen its compression on the lens fixings with temperature, hence the additional reason for the compressive spring in the lens housing unit. The rotational accuracy of the lenses is achieved via pins in the internal mounting structure and slots in the external case of the lens barrel    
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The modelling results for Architecture 1 processing heads constructed in this way are shown in Figure 73 and Figure 74 against the actual achieved performance of the processing heads. 
 Figure 73 – Slice through the Y irradiance profile comparing modelled and measured results.  
 Figure 74 – Slice through the X irradiance profile comparing modelled and measured results.   
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Zemax layouts for a typical Architecture 2 systems are shown in X any Y planes in Figure 75 and Figure 76.  Figure 75 – Zemax layout of Architecture 2 in the YZ plane.  Figure 76 – Zemax layout of Architecture 2 in the XZ plane.  The results of the modelling and measurement comparisons for the X and Y spot dimensions for these architecture 2 processing heads are shown in Figure 77 and Figure 78.   
 Figure 77 – Modelled irradiance profile for an architecture 2 processing head plotted against two measured processing heads in the Y dimension.  
Z Y Z X 
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 Figure 78 – Modelled irradiance profile plotted against two measured processing heads in the X dimension.  3.5.4 Comparison of measured vs modelled data for all processing heads  Over the course of serial manufacture of these processing heads, the metrics between measured and modelled performance were monitored.  Figure 79 to Figure 82 show plots of the measured vs modelled for both actuated and non-actuated processing heads. For each parameter an overlay of 15 different processing heads is presented, all designed to the techniques detailed in this chapter. The error bars in the spot size plots are derived from a Monte-Carlo simulation of spot size variance with the supply tolerances on the focal lengths of ± 0.5% and ± 5µm on the fibre size.     
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Figure 79 details the comparison of the predicated modelled spot size to the actual measured for the Y dimension. A ± 6% error is predicted from the modelling based upon the tolerances of the optics and mechanical mounts. 
  Figure 79 – A comparison of measured Y  FWHM to modelled predictions for all processing heads, dashed line shows Ymeasured = Ymodelled for reference.         
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The same plot for the spot size in the X dimension is shown in Figure 80, the predicted variance for these spot sizes is a larger percentage of ± 10%  
  Figure 80 – A comparison of measured X FWHM width to modelled predictions for all processing heads, dashed line shows Xmeasured = Xmodelled for reference.         
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A comparison of the measured vs modelled for the homogeneity figure is detailed in Figure 81 this parameter is difficult to model as per the discussion previously in this chapter on the number of rays, but the homogeneity was found to be within the 15% maximum limit imposed by the end customer for all the variants of the processing heads. 
 Figure 81 – A comparison of measured homogeneity figure to modelled for all processing heads.        
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The comparison for the edge widths between measured and modelled are given in Figure 82, the edge widths are always less than 140 µm and typically 100 µm. The measured 20% – 80% edge width can also be represented as a percentage of the overall width of the removed trench of material from the substrate. In the worst case a 140 µm edge width and a minimum spot width in Y of 2.0 mm gives trench side walls that constitute 14% of the overall width of removed region. Even at this worst case the edge width is acceptable for the process. 
  Figure 82 – A comparison of measured edge widths modelled for all processing heads.  The algorithm used to determine these values is given in the appendices as a Matlab script.     
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3.5.5 An important note on depth of focus  Large fluence levels, typically greater than 10 J/cm2, are desired at the substrate in order to maximise the processing speed of the system and the final aim of the process is to remove a line of material as it traverses underneath the processing heads. As the geometry of the spot in the X dimension does not affect the geometry of the width of the scribed line in the Y dimension it is desirable to increase the fluence for individual pulses at the substrate by reducing the X dimension of the spot in the direction of the substrates travel. Reducing the X dimension is actually undesirable for two reasons. The surface removal is performed by the overlap of the rectangular irradiance profile, each pulse removing a small proportion of surface material at a time. If the spot size was reduced in the X dimension then the number of overlaps per unit length would also reduce and the total fluence that was delivered would actually reduce at the same rate as the overlap increases and although each individual pulse would carry more fluence, the overall speed of the process would remain the same. The second reason to avoid reducing the spot size is that it creates a smaller depth of focus in X dimension for smaller focussed spot dimensions. A numerical study shown in Figure 83 uses the Zemax models described in this chapter to calculate the peak fluence at the focus of the processing head for different positions on the Z axis about the best focus position. 
 Figure 83 – The change in fluence vs Y spot size delivered to the substrate vs defocus in Z.  
X Spot size 
 100 
For a spot size of 0.2 mm the change in peak fluence is seen to reduce sharply with defocus in Z and consequently this has a small depth of focus. Figure 84 shows the focal range in Z to stay above a 90% of the peak fluence at best focus. The range of differnces in substrate thicknesses between two substrates forming a seam was from 0.5 mm to 4 mm. It can be deduced from the graph that a spot width of 0.45 mm or greater is desired to make sure the peak fluence is within 10% of the best focus and hence provide a stable fluence delivery within this range of substrate heights. One key aspect of the Powerlase Rigel series lasers is that they are market leading in the capability to deliver both high peak powers and high average powers to the substrate. This means the pulse energy delivered to the substrate is sufficient to permit the larger X dimensions for the spot and maintain the fluence to process the material; hence the larger X dimension also yields a larger depth of focus than most of the competitor lasers and neatly leverages an advantage of the solid state laser technology onto the end process. 
 Figure 84 – The focal range in Z for less than 10 % change in fluence at the substrate.         
 101 
3.5.6 Fluence at each of the internal optical components An important consideration in the optical design of the processing heads is the susceptibility of the internal optics to damage due to the pulsed laser radiation that is incident upon the lenses of the system. The irradiance profile of the laser beam at each lens is determined by the modelling methods as detailed this chapter. The 1/e2 of the beam radii is determined from the modelled data and Eqn. (22) is used to determine the peak fluence at each lens surface. Figure 85 shows the architecture 1 processing head and details the optical profile of the beam as incident upon the internal lenses.   
      Figure 85 – Architecture 1, irradiance profiles at internal surfaces. (a) at the first collimating lens, (b) at the second cylindrical lens pair and (c) at the input of the relay lens.  In Figure 85, assuming a worst case power of 1.6 kW and a pulse duration of 60 ns. The peak fluences are as per Table 2.  Position X dimension (mm) Y dimension (mm) Peak fluence (J/cm2) (a) 5.7 5.7 0.1 (b) 1.1 4.2 0.73 (c) 3.6 17.1 0.05  Table 2 – Peak fluences at each lens for architecture 1  
(a) (c) (b) 
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      Figure 86 – Architecture 2, irradiance at internal surfaces. (a) at the first cylindrical lens pair, (b) at the second cylindrical lens pair.  Figure 86, assuming a worst case power of 1.6 kW and a pulse duration of 60 ns the peak fluences are given in Table 3. Position X dimension (mm) Y dimension (mm) Peak fluence (J/cm2) (a) 2.6 2.6 0.50 (b) 17.4 3.2 0.06     Table 3 – Peak fluences at each lens for architecture 2  In all cases for the processing heads the fluence at the lens surfaces is well within the specified 10 J/cm2 at 20 ns at 1064 nm. Architecture 1 is the most prone to damage on the surface of the second cylindrical lens pair, but the fluence at these lenses is still ten times less than the coating damage threshold. 3.6 Summary of processing head design A method for generating an optimised homogenous rectangular laser beam to a substrate material for surface removal has been presented. The technique utilises a novel exploitation of the multimode mixing of the laser beam within a square core fibre which produces a homogenous beam [16] profile that is devoid of laser speckle. Excellent homogeneity and speckle free profile was observed even when isolating single pulses of the laser. Two refractive architectures for beam shaping the homogenised high power laser beam were presented using cylindrical lenses to provide different magnifications in the X and Y axes, producing the desired homogenous rectangular laser profile. 
(a) (b) 
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Modelling techniques and analysis provide the correct predictions of key beam parameters and are effectively used to generate different models of processing heads. The laser system with these processing heads was placed into successful industrial use in 2012 and produced the first trials substrates that led to the further research in chapter 4 and hence is a solid foundation of techniques and system design for the laser design iterations. 3.7 Conclusion of processing head design Measured spot width parameters show a strong correlation with modelling techniques employed. The correlation with edge width, as shown in in Figure 82 is not strong because the reported model values were for a perfect system and the measured data is subject to the manufacturing tolerances, in particular rotation of cylindrical components about the Z axis. All measured values for the edge width are all less than 160 µm and within expected values for these tolerances. Homogeneity shows little correlation between modelled and measured data because the homogeneity value is so small and all processing heads were well within the target of <15%. The modelling technique employed on these processing heads was sufficient to design and predict the performance parameters of the processing heads and the processing heads can thus be described with tolerances as;  target spot width ± 4%, edge uniformity <200 µm, uniformity < 15%, and transmission >95%. A final summary comparison of the two architectures is; architecture 1 processing heads are an initial solution to the mechanical retro-fit onto the customer’s first machine. While the architecture 1 processing heads are perfectly adequate for the process and still in production use, the simpler design, optical performance, range and design freedom of the architecture 2 processing heads is preferred in future systems where more design freedom is available. Architecture 2 processing heads are also more flexible in the manipulation of the optical axis, especially in the ability to tilt the optical axis prior to the final focus. They also permit a near telecentric output when coupled with an optical actuator as discussed in the following chapter.    
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would require actuation in a region near to the final focussing lens, which is in close proximity to the heavy moving shuttle that clamps the substrates. It is also unlikely that a floating lens could provide the range of actuation as a single lens and would require a complicated lens construction to compensate for off axis aberration.  A novel solution to this engineering problem is to actuate the laser beam with an in-line optical deflection using a Risley prism that is incorporated into the beam shaping processing head architectures detailed in chapter 3. A schematic of the Risley prism pair is shown in Figure 88. The Risley prism consists of two back to back wedge prisms, in this case arranged so one prism rotates about the optical axis in one rotation sense and the paired prism rotates to an equal degree but in the opposite rotation.  
  Figure 88 – Risley prism pair  The counter rotation of the Risley prism pair is used to alter the propagation angle of the laser beam within these processing heads imparting a linear phase shift upon the wave-front of the laser beam, this creates a shift in the Y position of the spot at the focus delivered to the substrate. The implementation of this Risley prism approach is subtly different between the two presented architectures and these are presented in detail in this chapter.     
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4.2 System design and components The full seam tracking system, minus the laser is shown in system diagram in Figure 90. This diagram shows the components as they were arranged at the final installation at the customer site. 
 Figure 90 – System diagram of the actuated system.  The first components in the system are a Precitec SD150 camera and a Laser path finder (LPF) vision system; these monitor the position of the seam between the substrates and then produce a control signal that is passed to the control electronics. The control electronics interprets the incoming signals from the Y position control signal from the camera/vision system and the X position from the encoder moving the substrates. Knowing this information and the position of the camera relative to the processing heads, the control electronics synchronises the movement of the Y position of the laser beam to the correct position on the blank by issuing the commands to the processing heads. Control latency algorithms, described in chapter 5, also make sure the processing heads move in advance of any large deviations in seam position. The control electronics also incorporates algorithms to avoid erroneous deviation due to spatter or other false signals from the vision / camera system and thus maintains the correct position of the laser beam on the seam. The laser and the fibre delivery are entirely separate from this 
X Z 
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system and can be assumed to be permanently emitting, during the process and not linked to the actuator control. There are three major different types of deviation that the seam tracker needs to be able to eliminate from the manufacture process; these are shown in Figure 91. The first deviation shown is when the substrate is not loaded with the seam parallel to the direction of travel; the second scenario depicts the situation where the central position of the seam varies in the Y dimension from substrate to substrate and the third is the case when each batch is loaded with a different offset in Y. The variation between substrate, as shown in Figure 91 (b) is the biggest challenge as the positional transition in the detected seam signal is potentially a full 6mm shift in position of the substrates and also appears, to the control electronics, as an instantaneous change in the Y position signal as there was no vision signal in the regions between substrates. The spatial distance in X between camera and the processing heads as shown in Figure 90 provides the time to manage the latency as the substrate travels between the camera and the processing head. This enables the control electronics to pre-order the movement of the prisms so the beam is in the correct position when the substrate arrives under the processing head.                  
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4.3 Camera and vision system  The first components in the communication train are the camera and vision interpretation system; these are required to have a combined resolution that is able to determine the position of the seam between the substrates to within a resolution of 50 µm in Y and the Z axes. The range requirements are ±6 mm in Y and ±10 mm in Z. The positional data for Y is then converted into a single output of ±10 V control signal representing linearly the Y position of the seam so that it can be processed by the control electronics. The camera, as shown in Figure 92, was a triangulation sensor that is used to detect the position in Y and interpret the depth information of the seam. This camera is sourced from Precitec, part number: P6502-1093-00001, serial number: GD09057, and type SD 150 WD.  The general principle of operation of the camera is shown in Figure 92, where the height of the substrate is interpreted as a discontinuity in Y on the CCD image  
 Figure 92 – Diagram of the triangulation camera.  A laser illuminates the substrate at an angle of 37º so that the height of the substrate is perceived by the camera as a positional shift in the X direction. The camera has a two dimensional Charged Coupled Device (CCD) array so any height differences between the substrates along the Y dimension perceived by the image formed in the camera as a break in a solid illuminated line. The image from the CCD array is therefore a representation of the seam in the YZ plane, the seam position in Y was determined from the discontinuity in Z from this signal. The datasheet values for the optical performance of the system are, Y resolution 14µm, Z resolution 20 µm, 184 frames/s, Y 
Y Z X CCD Illumination at angle 
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measurement range of 10.7 mm Z measurement range of 13.4 mm and an optical standoff distance of 149 mm. These datasheet values are sufficient for this application, but the tests in following section confirm the actual performance. The pure optical resolution of the camera is not the only determining factor in the system resolution, the settings for the Laser Path Finder (LPF) vision system also determine the performance of the seam tracking signal. The vision system is a Precitec Laser Path finder (LPF) P5500-0000-QEN50 optical seam tracking system, running software WinLPF version 1.8.6.0. The purpose of this system and software is to interpret the captured YZ visual data from the camera and process into the single DC voltage of ±10 V, which is linearly proportional to the Y position of the seam. The vision system consists of bespoke electronics and software to perform this task and is configurable for many different applications via a programming and settings interface in the software. The configurations are called from an internal memory either from the graphical user interface (GUI) or by digital hardwire lines available via a terminal block rail inside the machine. Two notable modes of usage are required to detect the seam, using the terminology in the LPF manual these are the multi-straights and discontinuity modes and are used to locate the seam in the CCD images produced by the camera for two different detection scenarios. Multi-straights is used to find a seam position in the case when the two mated substrates are of unequal height, typically <0.3 mm difference. Discontinuity mode is used in the case where the two substrates are of nearly the same height. The terminology of multi-straights and discontinuity mode and their respective settings are set in the user manual and in the software settings of the LPF and the terminology is repeated in this thesis.     
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Figure 93 shows the physical appearance of the LPF system and Figure 94 shows a typical seam as visualised in the Graphical User Interface (GUI) as provided by the supplier. 
 Figure 93 – (LPF) P5500-0000-QEN50 optical seam tracking system.  
   Figure 94 – Typical visual layout of Win LPF software.  
Interpretation of the camera image  Camera CCD raw image  
Seam positions  Colour indicates if the seam is detected  
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Once the vision system imports the raw image from the triangulation camera, one of the two vision interpretation algorithms is be used to determine the Y position of the seam. In the case where the seam was created between two substrates of the same height, the discontinuity mode is selected. In this mode the seam data is obtained via determining a minimum in the CCD sampled data that corresponds to a gap or burr between the substrates. A schematic of the general principle of the technique is shown in Figure 95 and an actual screenshot of the LPF software using this algorithm is shown in Figure 96 
 Figure 95 – Seam position determined by discontinuity mode.   
 Figure 96 – LPF visualisation of the discontinuity, seam position marked by yellow cross.   
Burr causing a discontinuity in the signal 
Z 
Y 
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In the case where the two substrates are of sufficiently dissimilar height in Z, multi-straights mode is used to determine the Y position of the seam. In this mode the Y position of the seam was found by fitting two lines to the data, one fit is started from the left hand side of the dataset and the other line fitted from the right hand side of the data set. The Y position of the seam is found where a mismatch is found between the two lines. A schematic of the technique and the LPF representation of the seam are shown in Figure 97 and Figure 98. 
 Figure 97 – Seam position determined via multi-straights mode.  
 Figure 98 – LPF visualisation of the multi-straights mode.  In the multi-straights case there is no need for a burr to be present on the substrates and the seam position can be determined even if the substrates had sharp edges  
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The discontinuity and multi-straights algorithms are controlled via a set of control parameters which can be adjusted to increase or decrease the sensitivity of the seam detection. These included options for averaging the data, which effectively reduces the resolution of the system and also restrictions on the region of interest (ROI) to avoid any process spatter interfering with the imaging. A full list of the parameters is given in the results of the following experiments to establish the capability of the camera and LPF system. 4.3.1 Camera and laser path finder tests The first experiment presented is to establish if the camera and vision system is actually capable of detecting seams where a 50 µm a gap is between two identical height substrates using the discontinuity mode setting in the LP. In order to test this, a gap is formed between two substrates by using a set of using calibrated engineering shims (manufacturer h+s, Prasizisionfolien sortiment 25). These have a precision tolerance of 0.3 % thickness variation and were manufactured to ISO 9445-2:2009. The gap is created by clamping two of these precision shims together with a feeler shim of known thickness separating them, the feeler shim is then removed leaving a gap of known width in Y. The idealised engineering shims are used as the substrate to ensure sharp and straight edges as a worst case scenario, as seen later in this report; the actual substrate material has a burr, which is easier to detect. The experimental set-up of the shims is shown in Figure 99.   Figure 99– Gap between substrates.  The ability to measure the seam is tested by forming ever smaller gaps with the feeler shims until the seam can no longer be detected within the LPF system. The LPF settings are adjusted on the first few passes in order to optimise the sensitivity of the system. Identical height shims  Identical height shims  
Gap, reduced until the camera can no longer perceive the gap   
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Once adjusted to their most stable settings the experiment is then performed with the same settings for all gap widths generated by differing thicknesses of engineering shim and the results are shown in Figure 100. 
 Figure 100 – Graph of gap vs measured width in LPF software, dotted line indicates y=x for reference.  It is found that the minimum resolvable gap is 40 µm. If the gap is smaller than this, the vision system faults and reports no seam in the LPF report window. This figure is poorer than the 14 µm value claimed in the datasheet but still just within the project aim of 50 µm resolution. The LPF settings are captured for this trial and are shown in Table 4. This test is likely to indicate that the specified resolution performance of the camera on the datasheet is referring to individual pixel resolution not the resolution of the smallest seam, which would require a minimum of two pixels to be resolvable by the software. 
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Parameter Setting Laser power 133 HP distance 10 Detection threshold 19 Weight of second moment  1373 Width of Barycentre 24 Min Group length  2 Max deviation of group 7 ROI 0 ROI 512 ROI 0 ROI 512 X averaging  1 Max hole length  21 Video source Camera 2 Light source power  Profile is vertical  Off Profile pt default position 0 Min valid profile  20    Parameter Setting Segmentation tolerance 7 Min segment length 116 Gap measurement yes Sensitivity 44.78 Min gap width 0 Max gap width 5 min gap height -3 Max gap height 3 Y shift 0 Z shift 0   Table 4- LPF settings used  for discontinuity mode.  The following tests are also carried out to establish the ability of the camera and LPF system to resolve seams that are formed by two substrates of different thicknesses. In this case the multi-straights algorithm is used. Again the LPF settings for multi-straights are adjusted to optimise the sensitivity and stability of the algorithm to the substrates an the precision engineering shims were used, this time to form idealised sharp seams at different heights.      
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These tests are performed by firmly clamping the engineering shims onto a thicker, >1mm engineering shim as shown in Figure 101, note there is no actual gap between the substrates as the determination of the discontinuity is from the substrate thicknesses alone is being evaluated.  
 Figure 101 – Seam heights created with engineering shim.  The seam detection is evaluated for seam heights of 1000 µm, 500 µm, 250 µm, 100 µm and 50 µm. A Y position for the seam is found to be correctly detected for each of the shim heights and the correlation to the measured height vs the actual height of the shims is shown in Figure 102.
  Figure 102 – Graph of seam height vs measured height in LPF software, the dashed line indicates a linear fit to the data, gradient = 1.3, intercept = 0.02, R2 = 0.99.    
Engineering shim   Flat machine gauge steel   Seam height in Z   
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The correlation between the measured seam height from the LPF and the shims is linear but uncalibrated. As this value for the actual seam height is not a required measurement it is left untouched but can be changed by calibration in the software. The minimum detectable seam height with no loss of seam in the Y dimension is 50 µm and the optimum settings established for the LPF system in multi-straights mode for are captured in Table 5  Parameter Setting Segmentation tolerance 19 Min segment length 16 min step height 0.75 Max step height -1.64 Angles sheets 180 Angle tolerance 30 Min step width 0.3 Max step width 1 z shift 50 Z shift enable off  Parameter Setting Laser power 166 HP distance 19 Detection threshold 20 Weight of second moment  2943 Width of Barycentre 30 Min Group length  4 Max deviation of group 7 ROI 0 ROI 512 ROI 0 ROI 512 X averaging  3 Max hole length  20 Z shift enable  Table 5- LPF settings captured for multi-straights.  To establish the ability of the system to track the seams across the range of travel in Y, an experiment is devised to estimate the ability of the system to track the seam over the entirety of the Y axis. Seams are created, as previously described, using the engineering shims of 50 µm, 100 µm, 250 µm and 500 µm and 1000 µm to generate seams of each height. The seams are then translated under the triangulation camera in the Y axis using a precision micro-meter stage translated in 5 µm steps. The position set on the micro-meter is then plotted against the measured reading in the LPF display. By using this method the accuracy and linearity of the Y position reported by the LPF is determined by linear regression and analysis of the residuals.  
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The calibration graphs for the 250 µm, 100 µm and 50 µm seams is shown in Figure 103 to Figure 105, each show a good correlation of measured LPF position to set position using the micro-meter indicating a good accuracy of the LPF measurement. 
 Figure 103 – Micro-meter measurement of Y position seam while detecting a 250 µm seam height.  
 Figure 104 – Micro-meter measurement of Y position seam while detecting a 100 µm seam height.  
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  Figure 105 – Micro-meter measurement of Y position seam while detecting a 50 µm seam height, the dashed line indicates y=x for reference.  It is observed that there is a close correlation between the micro-meter setting and the reading in the LPF system for the Y dimension but the integrity of the seam tracking signal starts to break down as the seam height approaches the absolute resolution limit of the camera, this was determined in the previous study to be approximately 40 µm. It is also observed in Figure 105 that there are a few areas of the seam that are not detected properly and the LPF did not report a correct value for the position of the seam.  Managing this behaviour of the signal is very important to the overall stability of the system and an important consideration in the design of the control electronics.    A figure of merit is generated for the seam tracking accuracy by subtracting the set position of the micro-meter from the measured LPF data and then plotting a histogram of the residuals and this is plotted as a histogram for each of the seam heights in Figure 106, Figure 107 and Figure 108. 
Seam location not detected correctly 
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 Figure 106 – Histogram of Y seam tracking error for a 250 µm shim, σ=8 µm.  
 Figure 107 – Histogram of Y seam tracking error for a 100 µm shim, σ=12 µm.  
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 Figure 108 – Histogram of Y seam tracking error for a 50 µm shim on raw data, σ=107 µm.   It is seen that the standard deviation from the set values for 250 µm and 100 µm seam heights have tracking accuracies of 8 µm to 12 µm but as the seam height approaches the resolution limit of the camera and LPF system, the accuracy drops to 107 µm. A decision is therefore made so the multi-straights algorithm was restricted to seam heights greater than 100 µm; hence the static tracking error was determined to the 2σ, 95 % confidence limits to be ± 24 µm. In the case where the seam was less than 100 µm then the discontinuity mode would be used. In the case where the discontinuity mode is used for substrates of the same height, the tracking error is determined by the same method to be ±24 µm, but relies upon a feature with a dimension of greater than 50 µm such as a burr or a gap in order to maintain a stable tracking signal. A natural question of this study is what would happen to the actual analogue voltage signal produced by the LPF as the seam height approaches the resolution limits of the camera and determining the integrity of the analogue signal. To address this, the seam is physically moved under the camera with a programmable linear stage providing a smooth linear motion of the substrates in the X axis. The aim of this experimental investigation is to confirm that the detection of a 50 µm gap is possible and reliable on a 
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substrate in motion. To investigate this shims are mounted as depicted in Figure 109 and the seam is mounted at an angle to the motion of travel. 
 Figure 109 – Orientation of seams.  The angle of the shim from parallel to the direction of motion is deliberately aligned, so that the position of the seam in Y varies as the substrate moves by a known amount in the X direction underneath the camera. This then gives signal for Y in the analogue output of the LPF which can be recorded using a digital oscilloscope (Tektronix TDS3054B). As the shims used are also known to be precision machined straight parts, the linear regression of the recorded signal under constant velocity, can be used to generate measurement statistics on the Y axis and to evaluate noise on the signal that may be of an issue to the following control electronics. The calibration between the seam Y position and the analogue voltage is performed prior to the tests by manually running the substrates under the camera and noting the Y values in the LPF GUI and measuring the voltage using the oscilloscope, in this way the LPF is calibrated to output 0.75 mm/V. A signal generated by this experiment is shown in Figure 110. 
X Y Direction of motion  
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 Figure 110 – Analogue tracking signal of the LPF system with a 50 µm seam height.          
Linear speed  Acceleration  Deceleration  
End of substrate  
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The statistics performed on the linear region of the graph under constant velocity provide the tracking error of the system. The seam tracker is set up to track a 50 µm seam heights for four substrates and then the seam tracked by the LPF with the optimum settings whilst monitoring the analogue output signal. A sample of the recorded data in the linear regions is shown in Figure 111. 
 Figure 111 – Analogue voltage as measured from the LPF A2D card for a 50 µm seam.  Figure 112 shows the derived statistics from analysing the residuals in the linear regions straight line fit for four seams made of 50 µm shims. 
 Figure 112 – Histograms of the residuals from the straight line fits, for 4 consecutive runs of a 50 µm seam height at 200 mm/s. The ±2σ values for each substrate were (a) ±53 µm,(b) ±85 µm,(c) ±73 µm,(d) ±82 µm.  
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The maximum tracking error encountered on this test is ±85 µm tracking error, These tests were repeated 15 times for different seam heights and the maximum tracking error encountered on this test was ±85 µm to ±2σ. 4.3.2 Summary of vision system tests In order to establish the performance and interface behaviour of the camera and vision system several experiments were performed to establish the smallest possible seam trackable by the camera. Experiments were also carried out to determine the performance and behaviour of the analogue voltage output from the LPF system of the detected seam, also observing the reset behaviour of the analogue signal in the case where the seam was lost by the LPF system. 4.3.3 Conclusion of vision system tests The seam tracker system based upon this camera and with careful appropriate setting of the parameters in the vision system could detect and track seams or substrates of differing heights down to 50 µm before the signal was lost. The normal tracking accuracy for seams heights that were 50 µm or greater to 95% confidence limits was ±85 µm. A linear setting of 0.75 mm/V was standardised on the digital to analogue card giving ±7.5 mm of vision range in Y. To complete the investigation of the camera and LPF system two additional and independent studies were carried out in the same manner on the actual physical metal substrates instead of idealised shims. The findings were much the same as reported for the engineering shims but the substrates were found to always have a significant burr that was larger than the 50 µm dimension in Y. It was found that it was easier to track the substrate, when compared to the shims and they could always be tracked with this vision system and triangulation camera.    
 128 
4.4 Risley prism control The accurate evaluation of the performance of the Risley prism is crucial to the success of the project. The Risley prism incorporates all technical elements of the disciplines of this project; electronically the command latency needs to be known to accurately position the beam under the substrate, characterisation of the electro-mechanical response of the prism is needed and the mechanical designs are required to make the prism assembly suitable for the high power pulsed laser beam and the optical performance of the prisms needed to be optimised for the process.  The basic operation of the Risley prism is typically the angular deviation of a collimated beam by means of two prisms as shown in Figure 113. The prisms can be rotated fully in 360º and combinations of positions give rise to different angular deviation of the beam. Typically there are many different orientations of the individual prisms for a given output angle and this can cause issues with the control of targeting algorithms. The basic use of this prism assembly in this project is to translate the angular shift imparted on the beam by the Risley prisms into a positional shift at the focal plane where the substrate is located. Conceptually this is best envisaged as a collimated beam, deflected in angle by a Risley prism pair in one plane and then subsequently focussed by a lens. The lens acts as a Fourier transform element, transforming the angular displacement collimated beam into a positional movement in the focal (or Fourier) plane of the lens as shown in Figure 114. 
 Figure 113 – Showing the principle behind the Risley prisms.  
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 Figure 114 – Simple implementation of beam steering using Risley prism and a focussing lens.  A mathematical description of this, using Fourier optics is expressed by the following transform.   (θJ, θN) = r (U, V)Fqst(uU+vL)Jw(uV+vO)NxUV∞G∞  (36) Where a(X,Y) is the irradiance profile of the laser beam, αX  and αY are the phase-front  angles of this beam relative to the lens due to the influence of the Risley prism and the following terms are the Fourier transforms of the beam in terms of its spatial variables X, Y and the laser beam far field angles θX and θY, k is the wave-vector. To convert the angular far field image A(θX θY) into the image formed in the focus of the lens, the axis transform of , X=FθX  and Y = FθY is performed where F is the focal length of the lens. The function a(X,Y) is the irradiance profile of the beam incident upon the prism and its width dictates the focussed spot size in the Fourier plane of the lens, the greater the physical extent of a(X,Y) then the smaller the focussed spot in Fourier plane of the lens. Eqn. (36) can be simplified into a single dimension as an example and making the assumptions that the spatial profile is a uniform top hat, i.e. a=1 when 1 >  Y > -1, then Eqn. (37) is derived.  (θN) = y Fqs(αOwθO)NG V (37)  
αY 
∆Y Z Y 
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In the absence of the Risley prism, the image of top hat collimated beam formed in the focus of the lens at X = Y = 0 has a sinc2 irradiance profile where the position in Y of the first nulls are given by Eqn. (38).  V = ?θN = λ (38) Where F is the focal length of the lens, θY is the diffraction far field angle, λ is the laser beam wavelength and D is the diameter of the laser beam incident on the lens. The full sinc2 irradiance profile is described by Eqn. (39), where the additional term, denoted αY, describing the linear phase shift imparted on the laser beam is included. Any additional linear phase shift, αY, applied to the beam by the Risley prism is seen to lead to a positional shift of the sinc2 irradiance profile in the focal plane of the lens.  Ezzq.F =  (θN)∗(θN)∝ eq.(s(αN + θN))(s(αN + θN))  (39) An illustration of Eqn. (39) showing the way in which the Risley angle affects the position of the focussed beam is shown in Figure 115. A laser beam of wavelength 1064 nm with diameter 4 mm is focussed by a 200 mm focal length lens. A relatively small shift of 0.29º in Y position is demonstrated so that the sinc2 irradiance profile of the focussed beam and the position shift are visible on the same scale. In practice the movement of the beam can be much larger. 
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 Figure 115 – Results of Eqn. (39) for Risley rotations, for a 1064 nm laser beam focal length of 200 mm, beam waist of 4 mm.  This description of the way in which the laser beam was translated in the Y axis is only strictly true for processing heads constructed to architecture 2. In processing heads based upon architecture 1 the translation of the beam is performed on the beam as it was focussed to a spot in the Y axis; however the principle of a linear phase front shift yielding a position shift in the focus is still valid. The translation of the beam from angular deflection to positional deflection was dependent upon the choice of wedge angle on the Risley prisms and also the positional placement of the Risley prisms along the Z axis. Wedge angles were between 1° and 7° and the material was the UV fused silica with AR coatings with damage threshold of 10 J/cm2 at 20 ns 1064 nm, the same as all the optical components in the processing heads.  An important change to the mechanical design to make the Risley technology suitable for use in high power laser systems is the removal of any organic material from the presence of the beam, as this can carbonise on the optics and damage the internal optics. 
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The original fixing method for the Risley prisms was epoxy applied to the outer rim of the prisms as shown in Figure 116. 
 Figure 116 – Risley prisms showing original epoxy based fixing method.  This is an inappropriate fixing method for the prism for this application as any scatter from the laser will soften the epoxy and risk failure of this fixing method. It is replaced with a compressive sprung steel clasp, as shown in Figure 117, for all the processing head designs. The design method and implementation of this is similar to that detailed earlier in Figure 64 and is a successful mounting technique for optics in these applications where there is transmission of high average power. 
 Figure 117 – Risley prism architecture for production versions.       
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4.4.1 Encoder control  The Risley prism motor assembly includes rotational encoders that report the rotational position of the prism by means of a quadrature signal. The resolution of these encoders is critical to the spatial resolution that the prisms achieve to steer the beam across the substrate. Figure 118 details the layout of an experiment to directly measure the number of counts on the encoder signal for revolutions of the prism housing. 
 Figure 118 – Schematic of the Risley encoder experiment.  A single prism is rotated to translate a laser beam from a helium neon (He:Ne) laser in  an circular path. Each time a revolution is completed the laser beam traverses across a small area photodiode, which provides a signal from which a pulse counter and digital multi-meter can be triggered. By setting the rotation speed of the Risley to different speeds, the frequency of the trigger signal and the pulse counts can be compared and the number of encoder counts per revolution be established. The results are shown in Table 6 Encoder frequency (Hz) Revolution Frequency (Hz) Count 68435 6.683 10240.16 102654 10.024 10240.82 136872 13.366 10240.31 171090 16.707 10240.61 205307 20.049 10240.26 239524 23.391 10240.00  Table 6 – Encoder measurements.  
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In all cases the number of counts recorded was 10240 counts per revolution on a single encoder output. As the encoder is a quadrature encoder the encoder positional accuracy was 40960 counts per revolution. Hence the rotational accuracy of the Risley prism motor was 0.009º and this was in exact agreement with the reported accuracy on the RP25S datasheet. 4.4.2 Latency tests The latency of a system is described in this report as the time delay between the command sent to a system to change state and the actual completion of the system to change to that state. The latency of each component of the control system has an impact upon the temporal resolution and also has the potential to create issues with the synchronisation of the system as a whole.  In the case of the Risley prism the definition of the latency is the time between the start of the electrical command to move the prism and the final physical completion of this move. An experiment to determine the command latency is devised where the first bit of the command signal to move the prism can be observed on a Tektronix TDS3054B oscilloscope and the physical movement is detected by monitoring the rotational encoder signal from the Risley prism. In addition to the set command, the Risley prism electronics also has a proprietary damping circuit to prevent overshoot and ringing. The Risley prism used is an RP25S unit supplied by Optra Inc. Figure 119 shows a plot of the encoder position of the Risley prism when the prism is commanded to rotate through 90º, which is half the largest feasible physical movement required of the prism under normal operating conditions. The time axis is commenced from  the time the first bit of the digital move command is sent and the time taken by the prism to get from its rest position to 90% completion of the move was approximately 100 ms.  
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 Figure 119 – Risley prism actuator latency for full 90° rotation.           
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Figure 120 shows a similar latency plot where the prism is commanded digitally to move 1º from its present position, in this case it took approximately 20 ms to reach its rest value. 
 Figure 120 – Risley prism actuator latency for 1° rotation.  Finally Figure 121 shows the latency plot for the case where a 0.5º shift command was placed upon the Risley prisms. In this case it took the Risley prism 10 ms to reach 90 % of its rest value.  
 Figure 121 – Risley prism actuator latency for 0.25° rotation.  
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The conclusion of this section was that the rotary motor takes between 10 ms to 100 ms to settle to within 90 % of its rest value depending upon the amplitude of angular motion requested. At a substrate speed of 0.1 m/s, a reasonable estimate of latency value for all reasonable movements of the prism would be under 50 ms, this would give an X resolution of 5 mm at 0.1 m/s. It is possible to reduce the latency of the system by using steeper wedge prism angles, however this could lead to the possibility that the beam can be actuated to a degree that the beam is clipped inside the processing head and lead to internal damage, this is discussed in the optical design considerations later in this chapter.  4.4.3 Summary of Risley prism tests Tests completed on the Risley prisms establish their transmission, rotational encoder resolution and their latency response to positional commands. The results of the tests show that the Risley prism has a rotational resolution of 0.009º and that the latency is variable depending on the amplitude of the movement. A 0º to 90º movement gives rise to a latency of 100 ms but the prism is more likely to experience an absolute maximum shift of -40º to 40º between blanks where this resolution is not required. Under normal operating conditions where the seam is being tracked continuously the prism movement will be small, <1°, this gives a figure for latency < 20 ms. In between substrates, where the largest deviations occur, the prism movement is likely to be a maximum of ±14º giving latency of 50 ms for a  ±5 mm. Provided the distance between the camera and the first processing head is large enough a latency algorithm can be created that will move the head in advance of the seam before it reaches the processing area. 4.5 Optical design of the actuated processing heads The optical layout architectures of the processing heads are presented in chapter 3 of this thesis and the addition of the Risley prism into their layouts is a direct iteration of those designs. In both cases the Risley prism is located in between the cylindrical beam shaping optics. In this section  the application of the Risley prism actuator to alter the focused beam positon in Y is described, as applied to both the optical design architectures detailed in chapter 3.  
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4.5.1 Architecture 1 actuated processing heads  The Zemax modelling, test techniques and performance metrics of chapter 3 are applied in exactly the same manner with the addition of repeating the measurement for each across the field of motion of the beam. Additional parameters measured were the translation of the beam relative to the angular setting on the Risley prism encoder and the transmission of the processing head over the full range of motion. Care is taken that the heads were designed to have high transmission from input to the substrate through all foreseeable ranges of motion, even under control failure of prisms. This is not only to ensure that there is no damage to the processing head but also to make sure the laser beam is contained within the housing for reasons of operational safety. The collimator and relay sections also contain lens housings that have user adjustable Z positions. This also permits changes to the focal positions in the XZ and YZ axes, hence the ability to correct the astigmatism of the system, which arises as a result of using cylindrical lenses to split the X and Y axes. Figure 122 and Figure 123 show the implementation of the Risley prism within architecture 1. In this architecture the Risley prism is steering the beam in the YZ axis as the beam is brought to a focus. This approach works but is a departure from the usual beam steering performed on a collimated beam as described in Figure 114. The main penalty for using the approach is that the beam tends to blur, or suffer from coma as the beam reached larger deviation in the Y axis, but the processing head was designed to be within a range of motion that the irradiance profile didn’t change appreciably.   Figure 122 – Architecture 1 XZ plane detailing position of Risley prisms.  Figure 123 – Architecture 1 YZ plane detailing position of Risley prisms.  An important aspect of the optical design of the actuated processing heads is that the beam is confined under all conditions of operations including complete failure of the Risley prism control. Figure 124 and Figure 125 show the full range of actuation in the Z Y 
Z X 
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YZ and XZ planes showing the full extent of the deviation of the beam paths though the processing heads and that the beam is fully transmitted to the focal plane through all range of motion.  Figure 124 – Architecture 1 YZ plane showing full range of actuation.     Figure 125 – Architecture 1 YZ plane showing full range of actuation.  Figure 126 shows the actuation range design based upon architecture 1 under the normal range of motion of ± 3 mm.   Figure 126 – Architecture 1 XZ plane showing normal range of actuation.  Figure 127 shows the modelled performance of the processing heads as the beam is translated via the rotation of the Risley prisms, the strong presence of off axis aberration, such as coma is evident in the shaped image of the fibre if the prisms are rotated beyond 20º, but this equates to a Y field position of ± 4 mm. The prism selection and placement of the Risley prism in the optical train is chosen so that the ±3 mm required range was achieved within ±14º of rotation.   
Z Y Z 
Y 
Z Y 
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 Figure 127 – Modelled irradiance profiles in the focus of the processing head vs angular rotation of the Risley prism for architecture 1.  The measured results for the architecture 1 processing heads are shown in Figure 128. As per the modelling predictions the irradiance profile is seen to degrade as the prism rotation exceeded 20º. The source of the defocus in Figure 127 is due to the curved focal plane with respect to the actuation and, at larger angles the presence of the off axis aberration coma. 
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 Figure 128 – Measured irradiance profiles in the focus of the processing head vs angular rotation of the Risley prism for architecture 1.  The transfer function of the translation of the irradiance profile in millimetres against rotation in degrees is shown in Figure 129. If the prisms keep rotating beyond the ± 90º range the position of the irradiance pattern would start to return to the central Y position reaching zero at 180º as the Y position is a sin function with angle. The region of the curve marked as the working region is the approximately linear section where the processing head was used and the gradient of this region gives the linear transfer characteristic in mm/º and this is used to control the position of the prisms during operation. The architecture 1 processing heads have transfer functions of 0.2 mm/º ±0.05 mm/º, yielding a spatial resolution of 1.8 µm/º. 
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 Figure 129 – Transfer characteristic of the Risley rotation angle vs the positional displacement of the spot in the Y position ~0.2mm/º showing the linear range where is was used (±15º).  The transmission of the processing heads for all angles is shown in Figure 130. The processing heads typically have a transmission of 95% which does not vary with prism angle indicating that there was no clipping of apertures within the processing head. 
 Figure 130 – Transmission against Risley prism angle over the full ranges of rotation for architecture 1. The heads were designed so they always transmitted power even under Risley failure condition.  
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The change in the FWHM of the irradiance profile in the Y dimension is detailed in Figure 131. The profile is seen to vary less than ± 2.5% over the working actuation range of ± 15º 
 Figure 131 – Percentage change in FWHM of the Y spot size for architecture 1 processing heads.  The change in the FWHM of the irradiance profile in the X dimension is detailed in Figure 131. The profile is seen to vary less than ± 4% over the working actuation range of ± 15º. There is an indication of a difference between the two tested processing heads for both axes, which is believed to be due to slight mechanical alignment differences between the cylindrical lenses. 
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 Figure 132 – Percentage change in FWHM of the X spot size for architecture 1 processing heads.  The measured homogeneity figures are shown in Figure 133 for two tested processing heads, the homogeneity is well within the accepted target value for homogeneity .  
 Figure 133 – Change in homogeneity over the actuation range of the architecture 1 processing head.  The edge width is observed to increase, as predicted, as the angle increased due to off axis aberrations. There is also a shift in the focal positions in Z of the beam as the beam is translated across the field of view as the lenses were not arranged in a telecentric 
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configuration. The edge width however was less than 100 µm over the practical range of the device only increasing to unacceptable levels when the beam was out of the working range.  
 Figure 134 – A comparison of modelled and measured edge width.  The processing head based upon architecture 1 has irradiance profiles that varied less than 2.5 % in the Y dimension and 4 % in the X dimension. The transfer characteristic was 0.2 mm/º and transmission does not vary for all values of the prism rotation.  4.5.2 Architecture 2 actuated processing heads The implementation of the architecture 2 processing heads is subtly different from the architecture 1. Because the Y axis is collimated after the fibre by a cylindrical lens instead of a spherical lens, as in architecture 1, the beam in the Y axis is collimated as it passes through the Risley prism and the beam is divergent in the X axis as it passes through the prism. As the actuation of the beam is exclusively in the Y axis, this means the actuation of the beam, in Y, is as depicted in Figure 114. This means the integrity of the irradiance pattern is more robust against the rotation of the prisms and less likely to encounter off axis aberration or curvature of the focal plane as it is collimated in the Y axis when actuated.  Figure 135 and Figure 136 show the position of the Risley prism within the optical train of the architecture 2 processing heads. 
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 Figure 135 – Architecture 2 XZ plane showing position of Risley Prisms  Figure 136 – Architecture 2 YZ plane showing central position.  The full range of actuation in the Y axis is shown in Figure 137 and Figure 138 for a Risley prism pair with a wedge angle of 2º. In contrast to the beam layout for the full range of architecture 1, as per Figure 124, the beam trajectory is observed to be almost telecentric, this permits a much wider ±14 mm usable range of actuation.  Figure 137 – Architecture 2 YZ plane showing full range of actuation  Figure 138 – Architecture 2 YZ plane showing full range of actuation.  Another advantage of this design is that the beam is fully collimated after the final set of cylindrical lenses. This permits deflections in the optical train, either with mirrors or with a deflecting prism as shown in Figure 139 that did not distort the beam at the focus. The advantage of this design freedom is that the processing head can be designed to fit in volumes with even tighter space constraints, without the need to lose the functionality of the actuator. An implementation of this is shown in Figure 139 and Figure 140, where the beam path has been deviated by a turning prism. 
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 Figure 139 – Architecture 2 XZ plane with Risley and beam steering prism to fit an awkward shape.  Figure 140 – Architecture 2 YZ plane with Risley and beam steering prism to fit an awkward shape.             
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Figure 141 shows the modelled irradiance profiles for the architecture 2 processing heads over the full actuation range of the Risley prisms. For this architecture the irradiance profile is observed to alter very little in appearance as the prism rotation is altered.
 Figure 141 – Modelled spot shape vs angular rotation of the Risley prism for architecture 2.       
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Figure 142 shows the measured irradiance profiles for comparison, again little change is evident in the profile as the prism is rotated confirming the modelled predictions. 
 Figure 142 – Measured spot shape vs angular rotation of the Risley prism for architecture 2.  The transfer function for the architecture 2 processing heads between the angle of the prisms and the Y displacement in mm is shown in Figure 143. In the working range of the prism the linear transfer coefficient was 0.083 mm/º at a  resolution of 0.7µm/º, considerably smaller than the architecture 1 designs.  
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 Figure 143 – Transfer characteristic of the Risley rotation angle vs the positional displacement of the spot in the Y position ~0.083 mm/º and showing the linear range where is was used (±40º).  The transmission of the processing heads is also greater than 95 % over the full actuation range of the prisms as shown in Figure 144, the majority of the loss being reflections from the coatings on the lenses. 
  Figure 144 – Transmission against Risley prism angle over the full ranges of rotation for architecture 1. The heads were designed so they always transmitted power even if the Risley failed at an extreme position.  
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A comparison of the change in the spot size in the Y axis is shown in Figure 145, there is less than 2 % change in the irradiance width in the Y dimension also so confirming the improved actuated performance over the architecture 1 processing heads. 
 Figure 145 – A comparison of modelled and measured percentage change in Y spot size over full range of actuation.                   
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A comparison of the change in the spot size in the X axis is shown in Figure 146, there is less than 2 % change in the irradiance width in the X dimension. 
 Figure 146 – A comparison of modelled and measured percentage change in X spot size over full range of actuation.  The change in homogeneity is shown in Figure 147, this is well below the limit of 15 % required by the customer and remains relatively unchanged over the actuation range. 
 Figure 147 – A comparison of modelled and measured change in homogeneity spot size over full range of actuation.  
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The edge width measure is also well below the limit of 160 µm over the entire actuation range as shown in Figure 148.  
 Figure 148 – Comparison of modelled and measured edge width over full range of actuation.  4.5.3 Summary of the actuated processing heads Two separate implementations of a compact inline Risley actuator are presented for use in steering a beam for tracking a seam between two substrates for surface removal. The technique enables the actuated use of the homogenised beam shaping techniques, as described in chapter 3 in very small space envelope. The beam characteristics are maintained over the useful actuation range and this technique opens up the possibility to actuate the Y position of the irradiance profile for a wide variety of design architectures.  4.5.4 Conclusion of the actuated processing heads Processing heads with a Risley prism architecture 1 are capable of a ±3 mm actuation range with less than a 2.5 % change in Y irradiance profile width and 4% change in X irradiance profile width. Homogeneity and edge width are within specification limits of 15 % and 160 µm respectively. The transfer of prism rotation to translation of the irradiance profile in the Y dimension is 0.2 mm/º ± 0.05 mm/º. By comparing this with the 0.153 mrad resolution of the Risley prism encoder gives a theoretical accuracy in Y at the substrate of 1.75 µm, far beyond what is required. Actuated processing heads based upon architecture 2 are capable of a ±14 mm actuation range with less than a 2 % change in Y and X irradiance profile width. Homogeneity and edge width are well 
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within specification limits of 15 % and 160 µm respectively over almost the entire range of motion. The transfer characteristic of prism rotation to translation of the irradiance profile in the Y dimension for the architecture 2 processing heads is 0.083 mm/º. By comparing this with the 0.153 mrad resolution of the Risley prism gives a theoretical accuracy in Y at the substrate of 0.8 µm again far beyond the resolution required for this application. 4.6 Powerlase bespoke electronics The next component in the system train is the control electronics, which are bespoke electronics designed to interpret all of the incoming telemetry data and then move the beam to the correct position on the substrate. The control electronics are linked to telemetry inputs namely, X encoder position from the shuttle that moves the substrates and the analogue voltage signal taken from the LPF. The control electronics calculate the correct position of the heads correcting for the positional displacement of the camera and the latency of the actuator. The control box also provides additional signal filtering to avoid any large deviations from the seam centre.  
 Figure 149 – System diagram of the PPL control electronics.  Figure 149 details the schematic functions of the control PCB, starting from the top left and working anti-clockwise each input and output is described; The analogue output was a 0 to 10 V feedback of the processed Y position which included the alterations to the signal from the averaging and sorting algorithms embedded within the firmware, the 
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output was a 12bit digital to analogue (DAC) signal. The analogue input is a 12 bit analogue to digital convertor (ADC) which took in the unprocessed 0 V to 10 V voltage signal representing the Y position of the seam, from the LPF system. The input and output buffers are a series of 0 V-24 V digital signals that select and control the mode (discontinuity or multi-straights) of the LPF system and digitally select the various programs stored in the LPF system. These programs contain the specific settings for different products and consisted of 0-255 programs called by these digital signals. The incoming digital hardware lines were feedback signals to confirm the settings were received correctly by the LPF and fed back to the PPL control electronics. There are four universal asynchronous receiver / transmitter (UARTs). The first UART is reserved for a customer interface using a Profinet interface. The second UART is used for setting the data manager settings, error codes and alarm values, which are detailed later, via an RS232 protocol. The final two UARTs that use the RS422 communication protocols are the control lines, which send and receive commands to the Risley prisms control electronics. One UART is the upper head control and the other the lower head. The reason for this RS422 protocol is due to the extended length of the cable where RS232 is no longer feasible; a final reconversion back to RS232 is performed close to the processing head control PCBs as this was the standard control interface to the Risley control boards. The profibus UART can also be used to digitally output the seam telemetry in RS232 protocol, this RS232 output of telemetry was continuously monitored during the early commissioning phase of the project via a laptop running a Matlab script to monitor the seam tracker performance; this data is also time-stamped for correlation with events occurring on the production line. The telemetry data output consists of the X encoder position, the Y command signal of the PPL electronics, the Y position of the feedback from the Risley encoder and the timestamp. Finally a digital input line was to the encoder on the shuttle system which could interpret the X position of the seam and synchronise it with the Y position signal from the camera. The microprocessor at the heart of the system is an advanced reduced instruction set (ARM) micro-processor; this is programmed via a JTAG with C software.   
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Figure 150 details the layout schematic of the PPL control electronics printed circuit (PCB) boards, the connectors are all numbered.  
 Figure 150 – Physical layout of the PCB board.  The positions of the interfaces, referencing Figure 149 are; 1 - X Encoder in, 2 –UART (RS422), 3- UART (RS422), 4 - UART (RS232), 5 – UART (RS232), 6 - UART (RS422), 7 - JTAG, 8 - Digital input, 9 -Digital input, 10- Digital input, 11 – Digital output, 12- Digital output, 13 – Digital output, 14 - VDDC Input power (24V), 15 -  DAC output, 16 – ADC input, 16- Expansion board, 17 – ARM microprocessor,18 – 24V-5V convertor, 19 – 24V to 15V convertor. All of the digital signals 8 – 13 in Figure 150 are protected with 30 V, 15 mA fuses, due to the sensitivity of the 24 V digital control and feedback lines they are also further protected by opto-couplers at both the PPL electronics box and the LPF system. 
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 Figure 151 – Schematic of electrical connections.  The actual electrical significance of the connections from the board to the sub systems are given in more detail in Figure 151 again starting at the digital connections and working anti-clockwise these are; The digital 24 V signals for the LPF shown are signals given to the LPF system to indicate start of tracking and to set the orientation of the axes. The program selection is an 8 bit connection to select from 255 user created pre-sets on the LPF main system. The interlock is to rest the system and prevent unsafe operation of the laser on the camera, this is also of key importance as this re-sets the whole system during each run, once closed the system only has 60 seconds to start and locate a seam before a timeout occurs. The customer interface selection selects between one of three modes via a 2 bit digital commands. Mode 00 operates the seam tracker in isolation from the customer interface, mode 01 operates the seam tracker with feed-forward information via the RS232 profibus interface and mode 11 operates the camera positional feedback at full speed without moving the Risley prisms. The Risley prisms and their positional feedback is delivered via the RS422/RS232 connections, the X position of the substrate is delivered to the electronics via a quadrature encoded signal, two visual indicators are also added to the front of the control box panel to indicate power and error status. In the initial phases of the installation of the seam tracker product a laptop was connected to the control electronics in order to monitor the performance of the system. 
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An important part of the system is the data manager, it allows performance and calibration parameters to be set in-situ, this makes it possible to tune or calibrate specific parameters without physically disturbing the apparatus when the system is installed at the customer site. The data manager is addressed via an RS232 port. It was programmed and accessed using a command line text interface such as telnet or real-term. The settings for this connection are: baud rate = 38400, 8 data bits, Parity =none, stop bits =1 and flow control = none. The protocol for delivering the command to memory is given in Figure 152 and some example commands are given in Table 7. 
 Figure 152 – Data manager protocol.  
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Command Meaning @e1a?; What is the error? @r2c:-090; Set Y offset of processing head 2 to 90µm @r1l:2200; Set the µm/º of processing head 1 to 2200µm/º @r2l? Query what is the lower head µm/º set to?  Table 7 – Data manager example commands.  The conditions are saved to the memory permanently with a command of @SAVE; 
 Figure 153 – Data flow diagram for the telemetry and control of the Risley prisms.  Figure 153 details the data flow from the electronics to the Risley prisms. Firstly the system reads the Y and X positions from the encoder at a given timestamp. This information is then processed for two events, the first event to be calculated is when the Risley prism should be moved calculated from the information received from the X encoder position and the distance to the processing heads as stored in the data manager, the second is the latency correction needed to be applied to the Y position, this establishes if the prism needs to be moved in advance of the substrates arrival under the processing head. Once the processing is completed, the correct command is sent to a timing buffer, at the correct X encoder interval these commands are delivered to the processing heads and the rotational encoder telemetry of the prism is returned to the electronics, checked against the send data and exported through the RS232 interface. 
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 Figure 154 – Start up and run sequence for the seam tracker.  Figure 154 details the start-up sequence for the seam tracker. The first signal relates to the start / run sequence in Figure 151. Prompted by this signal the electronics then checks its mode status then sends the initialisation command to the Risley prism, during this initialisation period the Risley prism is rotated and the encoders read back for initial calibration and report any errors. If the initialisation concludes without errors the electronics then centre the Risley prisms onto their start positions as recorded in the data manager. After this is completed the control electronics sends a signal to the customers system that it is ready (st_initialise). The customer then starts the process by sending the st_run signal to the control electronics; this starts the tracking of both the LPF vision system and the control electronics. Additional production runs of substrates can then be processed by toggling the st_run signal between high (24 V) and low (0 V) without 
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requiring a system reset. If a reset of the system is required this can be performed by toggling the st_start signal, this is without requiring a hard reset or powering off the system. 4.7 Software and firmware algorithms The combining and synchronisation of the incoming telemetry, data settings and control signal is all performed by proprietary software loaded into the ARMcore processor. The software contains the algorithms that calculate the latency and also calculate a filtering system which eliminates any deviations from the incoming data that are caused by a loss of seam or erroneous readings as observed from the LPF vision system study.  The filter used is a binary filter applied to the data as it is read from the LPF analogue signal representing the Y position of the seam. The algorithm scans forward of the existing data point and takes the difference between the present reading and the five preceding readings. If the readings are all within a prescribed limit or behave in a monotonic manner the data would be accepted, if not then the data can be examined and eliminated and averaged to smooth the data in a manner similar to a Kalman algorithm [20].         
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An explanation of how the binary filter was implemented is shown in Figure 155, Figure 156  and Figure 157. These figures show different scenarios depicting how the binary filter detects discontinuities in the data and how it eliminates them. Figure 155 shows the scenario where the data is stable but with one error in the data received from the camera. The incoming data stream values are all similar except for one value, 5.0, this large deviation is detected by one of the binary tests resulting in a 1. 
 Figure 155 – Stable data with one erroneous signal.       
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As the data stream progresses through the buffer the binary coded signal changes until it becomes 1000, this is indicating that this signal is erroneous as no previous or following signal levels are comparable to this value. This value is ejected from the data set and replaced with the average of the previous two values as shown in Figure 156. 
 Figure 156 – Erroneous signal removed by filter.         
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The scenario shown in Figure 157 depicts when the data is genuinely increasing in a monotonic fashion, in this case every reading is larger than the next reading and the binary code generated by the filter is 11111, it is clear that this binary code should maintain the original signal values and so this case leaves the data unaltered. 
 Figure 157 – monotonically increasing data.        
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The binary filter can be scanned through the data in real time, as shown in Figure 158 and different binary codes cases can be used to filter the data in different ways or to optimise the process. 
 Figure 158 – Filter being scanned through data set and generating new filtered data.  This filtering technique is important as a large step in the data would inform the electronics that a step separation between two substrates had been detected, as per Figure 91 and the latency to move the prisms would be adjusted in X to move before the substrate was beneath the camera, in the case of a very noisy signal it could skip away from its position close to the centre of the seam. An example of the binary filter as applied to a noisy signal is shown in Figure 159 where a signal is corrupted by a series of noisy events simulating a loss of Y position signal.  
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 Figure 159 – Simulated application of binary filter to noisy signal (a) is the raw data, (b) is with the binary filter applied and ε = 0.9.  A noise free signal is recovered in Figure 159(b) maintaining the correct signal features by using the settings given as an example in the following cases. 
  If a large step in the data was generated by noise, then the latency algorithm would try to move the prism from the measured seam position in advance and move away from the seam causing a seam deviation in the removal trail. Hence the filter algorithm is applied before the latency algorithm as described in the next chapter. 
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4.7.1 Latency algorithm  The latency algorithm is required to resolve the scenario when the blanks were separated as per Figure 91(b). Given the latency findings of the Risley prism chapter, the latency of reaction to this motion could be a large as 100 ms, by which, given an example substrate speed of 0.1 m/s would mean the beam would only start moving 1 mm into the substrate. This is not an acceptable scenario and will spoil the substrate being marked. In order to eliminate this error a latency algorithm is constructed that reads ahead in the data and pre-orders a movement when a large step change is detected. This does not affect the scenario when the signal approaches the end of the substrate as the signal would stay on the particular last recorded value as the seam was lost and this known behaviour is known from the previous system study of the LPF. An example of how the latency algorithm is implemented is shown in Figure 160, the streaming data of the X and filtered Y positions are subjected to a rolling algorithm that detects any sustained deviations in Y that are large enough to need correction for latency, the X encoder position of the deviation is then stored and the required shift in the X encoder position that is been calculated is applied to the Y data array. The algorithm is a rolling algorithm across the data and this approach is compatible with real time processing and avoids potential stitching errors in the data. 
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 Figure 160 – An example of the latency algorithm.                  
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Figure 161 shows a typical signal problem that the latency algorithm is required to solve, the dotted line is an uncorrected signal identical to the vision system, and the original vision system signal is artificially offset in Y by 0.2 mm to make it visible in the overlay. 
 Figure 161 – Seam tracking signal before latency algorithm applied  Figure 162 shows the same input signal but with the latency algorithm described in Figure 160 applied to the Risley control signal. In this case the latency correction is a linear function of the deviation in Y and hence the latency correction in X is larger for increasing Y deviations. This can be observed as the comparatively large correction in X at the encoder value of 1200. 
 Figure 162 – After the latency algorithm has been applied.       
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4.7.2 Testing the latency algorithm  In order to practically test the latency algorithm a guide seam is created so the system would follow it. At the end of the guide seam another seam is created but with a 6 mm displacement from the guide seam, providing a direct test of the algorithm’s ability to correct the latency and move in advance between two separate substrates. The practical results of this algorithm is shown in Figure 163. 
  Figure 163 – Experiment to ensure latency correction, with red target laser beam visible on the substrates. (a) Beam following guide seam, (b) motion initiated approaching the new seam, (c) motion completed ready to follow new seam, (d) approaching new seam, (e) new seam picked up and (f) now following new seam.  The algorithm is linked to the X encoder so that the technique is independent of the shuttle speed. In order to confirm this, the test video method as shown in Figure 163 was repeated for various speeds, confirming the algorithm covered all manufacturing scenarios.  The PCB and control electronics are packaged in an industrial 19 inch, 3U rack and the internal physical layout is shown in Figure 164. The main board appears in the right hand side of the picture with Molex connections made to the external interfaces. Sub-D type connectors are visible in the lower part of the figure. On the left hand side of the 
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figure is an Anybus adaptor to convert the RS232 feedback channels to be compatible with the industrial Profinet format for communication to the customer systems. At the very top of the photo is the 28 V power supply, feeding power to the Risley prism controllers.  
 Figure 164- The electronics PCB as implemented in the main seam tracker cabinet.  The control PCB is installed in the main LPF rack as shown in Figure 165. There are two LEDs indicators on the front panel, one for indication of power to the unit and one flashing LED to indicate an error or absence of interlock. The blue button is programmed such that if held for one second, the system will clear and reset the electronics and re-calibrate the encoders on the Risley prism actuators. If a persistent error occurs, error diagnosis is performed via the @e1a? command via the RS232 data connection and the error code can be examined.  
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 Figure 165 – Position of the PCB control box in the LPF system. 4.7.3 Summary of control electronics and software The electronics architecture for the seam tracker system has been presented in this chapter, detailing the interconnections made to each of the attached subsystems. The proprietary algorithms which resolve issues of signal dropout and latency have also been presented, and the design of these was driven by the preceding sub-systems studies of the camera, LPF and Risley responses. In order to minimise any control interferences, all control feedback and power cabling is shielded from each other to ensure there is no instability either from crosstalk or from machine EMF interference. A control electronics system was designed to cope with the expected latency of up to 100 ms, as found in the Risley prism studies and a binary filter was implemented within the software to eliminate analogue signal drop out voltages, as found in the camera and vision system studies.  Prior to shipment of the unit into the industrial environment the system successfully cleared independent inspection for CE certification for both the electronics and the processing heads.  
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4.8 System integration The system integration and commissioning was approached in two stages. The first stage was to integrate the system at the Powerlase Photonics premises and the second stage was to install and monitor the system at the end customer’s site. Tests conducted at the Powerlase site consisted of testing the reliability and functionality of the system as a whole. Tests were carried out to determine the timing of the latency algorithm by transmitting a red beam through the system and videoing the response of the system to substrates of a maximum -3 mm to 3 mm displacement. The binary algorithm was tested by running the blanks under the system as different speeds and monitoring the integrity of the return signal from the Risley prisms. Throughout the duration of the experiment an Aerotech A3200 XYZ scanning table was used both to translate the substrates at a known speed under the processing heads and also to provide the crucial X position feedback via the stage encoder. Figure 166 shows a processing head based upon architecture 1 mounted for testing above the XYZ stage. 
 Figure 166 – Architecture 1 processing head mounted above Aerotech A3200 XYZ stage.  
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Figure 167 shows an example of tracking telemetry and the elimination of an analogue signal drop out from the positional data of the Risley prism. If this filter was turned off, the latency algorithm reacts and takes the spot rapidly to this location, leaving an undesired skip in Y location of the surface removal trail. The vision signal (solid line) shows a spike in the Y deviation signal, the prism telemetry feedback (dashed line) is offset in Y so that the return telemetry can be seen to be free of the spike. 
 Figure 167 – Vision signal (solid line), feedback (dashed line).  In normal use the seam tracker eliminates processing and positioning errors on substrates which are all straight seams. To prove the seam tracker functionality, and calibrate the movement of the system upon installation at the customer’s site, a seam with saw-tooth profile is constructed with a known and varying deviation in the Y position along the length of the substrate. This approach provides undisputable evidence to the customer that the seam tracker is functioning and is also essential for the calibration of the system to the substrates. Figure 168 and Figure 169 show the position and feedback telemetry for two substrates with a deliberate and known variation in the seam profile in Y along their length. 
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 Figure 168 – Risley feedback telemetry signal vs vision signal feedback from the LPF – Substrate 1.  
 Figure 169 – Risley feedback telemetry signal vs vision signal feedback from the LPF – Substrate 2.  The physical trails left by the surface removal are shown in Figure 170 and in close up in Figure 171. The trail is observed to faithfully follow the seam on both the upper and lower side of the substrates accounting for the different X separation of the upper and lower processing heads from the camera. This approach is also employed on the 
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customer site in order to re-calibrate the positional feedback due to changes in the position in Y and X of the processing heads and changes in the X encoder resolution.  
 Figure 170 – Physical surface removal trail for the seam tracker.   Figure 171 – Close up of physical surface removal trail for the seam tracker.                        
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4.8.1 Commissioning tests Installation of the system took place at the customer site over a period of two weeks and was monitored for a period of three months afterwards.  During this time the system was tuned and monitored to gain data. The seam tracker and the ability to record telemetry data in the seams was not only of interest to the optimisation of the system, but also permitted a study of the process as a whole. The production cycles are broken up into six substrates per batch and an example of the telemetry data recovered from the seam tracker system is detailed in Figure 172. Each of the signals produced by the substrates is noted on the figure and the separation periods between the substrates, where the signal is relatively stable is also noted.  
  Figure 172 – Telemetry signals for a typical batch of substrates.  The telemetry is monitored for every blank via a laptop running a recording program from the RS232 output of the control electronics system. From this data, statistics on large volumes of blanks can be analysed. Figure 173 shows the mean average positions of the substrates as a function of the X encoder position. The first substrate is seen to have a linear change in seam position, along with substrate four and five. Substrates two, three and six all appear relatively close to stable values of Y across their length. An odd deviation is seen along the length of the substrate in substrates two and five, which seem to be consistent with a mechanical clamping issue. The substrate to substrate 
Substrate 1  Substrate 2  Substrate 3  Substrate 4  Substrate 5  Substrate 6  Separation  Separation  
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placement variance on average is deduced to be approximately 0.4 mm from beginning to end of cycle.  
 Figure 173 – Averaged positions of substrates over 100 production cycles.  Statistical analysis of the placement of the substrates is also performed for 100 production cycles; in this analysis the placement positional accuracy of the substrates per cycle can be deduced. The results shown in Figure 174 show a histogram, for each substrate, of a single position in X roughly central to the substrate over 100 production cycles.   
 Figure 174 – Histogram of placement accuracies of substrates for 100 cycles.  This data is also repeated in Figure 175, which shows the positional feedback of the Risley prisms, the position in X has been corrected for the offset between the head and the camera so the same sample point on the substrate was used. The positional offset reported in Y is due to the offset in Y between the camera and the physical position of the processing head. It was deduced that the processing head is approximately 0.6 mm 
 179 
offset from the camera in Y, which is used for the calibration of the Y position of the beam as set from the Risley actuator. 
 Figure 175 – Positional feedback signal from the seam tracker same 100 cycles.  Table 8 details the statistical summary of the collected data for both the mean position of the seam in Y and the value for the 95 % confidence limits (2σ). It is observed that the placement tolerances for the process are ±122 µm and the maximum difference in mean substrate position in Y is 282 µm.   Substrate Mean position measured Standard deviation measured 2σ Mean position feedback Standard deviation feedback 2σ 1 -229 86 -826 72 2 -98 122 -693 106 3 -58 112 -671 94 4 -131 136 -743 92 5 -128 140 -734 114 6 52 106  -655 112 Table 8 – Comparison of camera measured position and control feedback from the Risley prism for  300 production cycles.  By taking the worst case scenario of placement tolerances the overall range of movement experienced by the seam tracker in the Y dimension during production is 523 µm to the 2σ confidence limits. A deviation from centre of ±100 µm would potentially cause a process failure; hence the seam tracker is effectively maintaining and improving the process yields, if it were it not present then the process yield would be significantly worse.  An important lesson learnt from the implementation of the seam tracker, both by the supplier and customer was that management of swarf produced by this process and is crucial to the long term performance of the system.  Eqn. (40) estimates the mass of the swarf generation for this surface removal system, where R is the repetition rate, ρ is the density of the material being removed, T is the 
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total length of time the process is applied and wX, wY, wZ are the spot width in X, Y and Z respectively.  m| = 5}AJANA~c  (40) Assuming a material of steel with a density of 8050 kg/m3 and wX =2 mm, wY =0.5 mm, wZ=1 µm and a 24 hour process time, this equates to 7 kg of swarf generated every day of production. If left unmanaged this swarf accumulates around the processing heads and causes optical damage. Even though protective cover slides and high speed cross-jets are used, these will eventually be overwhelmed and damage will occur on the optics. The lower optic is particularly prone to this issue as gravity assists the deposit of debris into the optics. This is resolved by the addition of industrial extraction that removes the swarf away from the process. To complete this section of this chapter a picture of the original actuated processing head is shown in Figure 176 on a service visit after greater than two years continuous service.  
 Figure 176 – An architecture 1 processing head after two years of service. 
 5.1The development of a novel approach to a compact actuated beam delivery system has been presented that has extended the capabilities of the host company and enabled the exploitation of the of the technology has been presented from the cavity and free space modelling of the lasers beams produced by the Rigeschemes which transmitted over 95successfully cousquare core fibre of diameter 600multimode mixing in the fibre produced a homogenised square form with no visible specklwas transformed by means of two possible architectures of processing head, which shaped the beam into the optimum homogenised rectangular shape for the process. Anovel compact beam actuation system basedcompatible with either beam shaping architecture, capable of translating the beam greater than ±6with processingfailure conditions of the subject of the majority of this thesis, later systems baequally, if not slightly more successful. This optical arrangement was coupled with a vision system and proprietary control electronics that tracked seam positions to ±50positionevaluated prior to integration ensuring that the interfaces between each component were understood and the performance was evaluated. The camera and vision system was found to detect seof the seam tracker was evaluated and found to track to within ±85confidence lim100erroneous data from the positional data was presented.
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System integration at Powerlase showed that the system was able to cope with the full range of actuation required by tracking blanks with deliberate shapes in the y dimension, the behaviour of system when separate blanks were offset by the maximum 6mm was also tested and showed that the latency algorithm would detect and correct the position of the beam 100 ms in advance of the blank appearing under the processing head. Installation and analysis of the system at the customer site showed that in practice the system was tracking substrates over a mean range of 282 µm and correcting placement tolerances of ±122 µm (2σ) giving a total range of correction in the Y dimension of 523 µm to 95% confidence limits. Y positional deviations of ±100 µm would cause issue with production yield hence the seam tracker system was contributing to the maintenance of the production yield on this system. 5.2 Conclusions  The system successfully tracked seams with dimensions >50 µm over a range of ±6 mm correcting for latency and seam positional signal integrity. The compact approach of this system enabled a process for the customer that was not possible with commercially available systems based upon the cheaper galvanometers technology. Neither would the supplier offer the beam shaping requirements at the time of development. The beam actuation system developed as a result of this thesis offers stable seam tracking that is comparable or better than commercially available systems, the two main features where this technique advances the state of the art is the increased resolution of the optical positioning of the laser beam and the compact size of the inline Risley actuator. The Risley actuation technique is much smaller than any commercially available system. This compact size coupled with the in-line actuation of the beam, which requires no space consuming beam deflection, enables the optical design of processing heads that can fit within space constraints that are currently unachievable with commercial processing heads.  Seven systems were deployed based upon the beam shaping technology as a result of this study, which exploited the technology development in chapter 3 of this thesis. Three systems based upon the seam tracker technology were deployed into service as a result of the studies in chapter 4. All these systems are in heavy industrial environments 
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and are typical producing for the full 24 hour period. The systems have, so far, proven to be robust and have produced a cumulative total of > 6 million substrates at the time of writing.  The systems have proven to be a commercial success and the novel approach to the beam delivery has opened up a new manufacturing technique for the customer and added to the system capability of Powerlase photonics.  5.3 Further work  There are many areas of further research that can be completed on this topic. The first major item to broach would be the cost. The Risley prism actuation system is approximately three times more expensive than an equivalent, larger, system based upon a Galvanometer. Until this cost is significantly reduced the market for this device will remain niche and based upon optical delivery where tight form factors are required. There are some areas of trade that are potentially likely to yield cost reduction, the angular resolution is far more accurate than required and simpler encoders could be used. The action of the beam is restricted in two dimensions in normal use; this leads to the possibility of removing optical components and potentially motors and electronics by either altering the optical design or mechanically gearing the motion of the two prisms together, or only moving one prism. There are also several beneficial changes that can be made to simplify the mechanical construction of the processing heads. Although the modular approach to their design permits a wide range of configurations with little design effort, it also imparts a cost that could be avoided by creating sections of the processing heads with fewer connections between mechanical parts.  A final subtle area of improvement to this project would be the extension of the scope to include a better understanding of how the laser radiation interacts with the substrate material. Research in this area may yield a better understanding of the process and impact both the laser and the processing head design. 
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APPENDIX A  This chapter contains additional information for reference 5.4 Matlab code used to analysis the focussed beam   % Version 12 - (30/11/2015)  %Program to take in beam profile data and calculate FWHM, homogeneity and Edge width    clear all; clc;   A=imread('number_23_105_-105.bmp');  % Read in the Irradiance bitmap %B=imread('Dark.jpg');               % Read in the dark levels A=double(A);                         % Convert image to a double float %B=double(B); B=0;                   % Convert dark to a double float                       B=0;                                         % Note : even though camera is monochrome, it stores as RGB array B=B(:,:,1);B=B';      % Select one of the RGB channels and flip axes A=A(:,:,1);A=A';      % Select one of the RGB channels and flip axes A=A-B;                % Subtract the dark field form the image   [yoffset,xoffset]=find_centre_fn2(A);        % Custom function to find the Irradiance profile centre    %%%%%%%%%% Homogenisation algorithm %%%%%%%%   Xwidth=0.4; % Select the  FWHM in X (mm) Ywidth=2.0; % Select the  FWHM in Y (mm) Rangex=round(((Xwidth./5.2)*0.9*1000)./2)    % Work out the 90% X FWHM range Rangey=round(((Ywidth./5.2)*0.9*1000)./2)    % Work out the 90% Y FWHM range   XL=(xoffset-Rangex);XR=(xoffset+Rangex);     % X Subset where the homogeneity is measured YL=(yoffset-Rangey);YR=(yoffset+Rangey);     % Y Subset where the homogeneity is measured Unisub=A(YL:YR,XL:XR); % Subset of A                         figure(1); % Draw the overlay as a visual reference  line([XL XR XR XL XL],[YL YL YR YR YL],[1000 1000 1000 1000 1000]);   av=mean(mean(Unisub));           % Mean value for the subset XYplane  uniformity=(Unisub-av)./av;      % Homogeneity of each  uniformity=mean(std(uniformity)) % Final summed figure for Homogeneity   % Image the Irradiance profile for review  figure(1); surf(A,'edgecolor','none');view(0,90); colormap jet  % Set up a camera calibration   Ycalib=5.2;        %um per pixel  - Thorlabs DCC1545M Xcalib=5.2;        %um per pixel  - Thorlabs DCC1545M S=size(A);         % establish the size of the domain being measured 
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  Y=[1:S(1)]; Y=Y-yoffset;Y=Y.*Ycalib;  % set up and scale the Y axis X=[1:S(2)]; X=X-xoffset;X=X.*Xcalib;  % set up and scale the X axis   % Averaged line slice made of twenty individual lines for X and Y   for i=1:21     xdata_av(i,:)=A(yoffset-(11-i),:);       % Sample 21 lines about the irradiance centre end;   for i=1:21     ydata_av(i,:)=A(:,xoffset-(11-i));  % Sample 21 lines about the irradiance centre end; xdata=mean(xdata_av); % Average 21 lines about the irradiance centre ydata=mean(ydata_av); % Average 21 lines about the irradiance centre    % Use the sampled slices to establish the 20-80 Edge width ticker=1;                               %%%%%%%%%%%%%%%%%%%%%%%% while xdata(ticker)<0.2*max(xdata);     % Find the left 20% edge         ticker=ticker+1;                    %%%%%%%%%%%%%%%%%%%%%%%% end; left20=X(ticker);   ticker=1;                               %%%%%%%%%%%%%%%%%%%%%%%% while xdata(ticker)<0.8*max(xdata);     % Find the left 80% edge      ticker=ticker+1;                    %%%%%%%%%%%%%%%%%%%%%%%% end; right20=X(ticker);      x20_1=right20-left20;                   %left side 20%-80% value % and other side ticker=xoffset;                         %%%%%%%%%%%%%%%%%%%%%%%%% while xdata(ticker)>0.8*max(xdata);     % Find the right 80% edge      ticker=ticker+1;                    %%%%%%%%%%%%%%%%%%%%%%%%% end; left20=X(ticker);   ticker=xoffset;                         %%%%%%%%%%%%%%%%%%%%%%%%% while xdata(ticker)>0.2*max(xdata);     % Find the right 20% edge     ticker=ticker+1;                    %%%%%%%%%%%%%%%%%%%%%%%%% end; right20=X(ticker);                           x20_2=right20-left20;        %left side 20%-80% value         x20=(x20_1+x20_2)./2         % Average the two 20%-80% values   %%%%%%% Find FWHM %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  ticker=1; while xdata(ticker)<0.5*max(xdata);   % Same algorithm as 20%-80%     ticker=ticker+1; end; FWHMleft=X(ticker);                     % Finds X values at either side of the                     % irradiance profile at 50% slicing level ticker=xoffset; while xdata(ticker)>0.5*max(xdata);     ticker=ticker+1; end; FWHMright=X(ticker); 
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     FWHMx=FWHMright-FWHMleft; %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%  %%%%%%%%%%%%%%%%%%%%%%%%%%%%%% FWHM in Y axis %%%%%%%%%%%%% ticker=1; while ydata(ticker)<0.5*max(ydata);     ticker=ticker+1; end; FWHMleft=Y(ticker);   ticker=yoffset; while ydata(ticker)>0.5*max(ydata);     ticker=ticker+1; end; FWHMright=Y(ticker);      FWHMy=FWHMright-FWHMleft; %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% End of FWHMy %%%%%%%%%%%%%   %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% Plot results %%%%%%%%%%%% figure(2) subplot(2,1,1);h=plot(X./1000,xdata,'LineWidth',3); title({['FWHM= ' num2str(FWHMx./1000,3) 'mm'],['Homogeneity = ' num2str(uniformity*100,2) '%']}); axis([-2.0 2.0  0 1.5*max(xdata)]); set(h,'color','black'); xlabel('mm');set(gca,'XMinorGrid','on') subplot(2,1,2);h2=plot(Y./1000,ydata,'LineWidth',3); title({['FWHM= ' num2str(FWHMy./1000,3) 'mm'],['Edge 20-80 = ' num2str(x20,4) 'um']}); set(h2,'color','black'); axis([-2.0 2.0 0 1.5*max(xdata)]); xlabel('mm'); set(gcf,'color','white') set(gca,'XMinorGrid','on') %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%     
